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Abstract
ABSTRACT
The aim of the research was to investigate the effect of impact damage on the 
fatigue life of steel using both experimental and finite element methods. Any 
component that is subjected to a single impact may have not only noticeable 
surface damage, but also residual stresses in its surface and subsurface layers. 
These residual stresses may reduce or possibly improve the fatigue life of the 
component. The objectives of the research were, therefore, to investigate what 
effect the size of an impacting object has on the fatigue life of a specimen and 
also to evaluate experimentally how the amount of single impact energy affects 
the fatigue life of specimens. Furthermore, three dimensional, non-linear 
transient numerical models were developed, which were used to show the surface 
and subsurface residual stresses produced as a result of the impact.
The specimens used in the experimental programme were made from two 
different types of cold-rolled, mild steel strip; namely Bending Quality Bright 
Steel (BS1449), and '070M20' Carbon Steel (BS970). To investigate what effect 
the size of an impacting object has on the fatigue life of a specimen, the 
impactors were produced in six sizes; 10mm, llmm, 12mm, 18mm, 25mm and 
40mm radii, and in order to determine how the amount of impact energy affects 
the fatigue life of a specimen, the height of the impactor hammer head was 
adjusted to impact heights of 410mm, 276mm, 163mm and 87mm, thus altering 
the amount of impact energy imparted into the specimen.
The current study found that the fatigue life of a specimen is greatly reduced due 
to a single impact and that the greater the height of the impact, and consequently 
the higher the impact energy, then the lower the fatigue life of the specimen 
becomes. It was also noted that the reduction in fatigue life due to the single 
impact is not affected by the size of impactor but by the energy of the impact, as 
a single impact at the chosen impact energy for this study will impart residual 
stresses in the specimen which causes a normalisation in the reduction in the 
fatigue life of the specimen.
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Chapter 1: INTRODUCTION
The word fatigue derives from the Latin expression fatigare which means 'to 
tire', (Suresh, 1994). It is estimated that around 90% of failures that occur in 
mechanical systems are due to fatigue, (Mann, 1967). Fatigue is caused by a 
cyclic load, which can initiate a crack and, consequently, lead to component 
failure. This is of particular concern, as component failure can be catastrophic 
and occur without warning and well below the ultimate tensile stress of the 
material.
The major factors which may affect the properties of materials and components, 
and can subsequently lead to fatigue failure, are listed below:
  The primary manufacturing process, e.g. casting and rolling
  The design of the component
  The machining or fabrication of the component
  Heat treatment or mechanical working of the component
  Surface treatments such as plating or anodizing
  Inspection procedures
  Identification marks
  Environmental conditions
There are three main reasons why a fatigue fracture will occur at the surface of a 
component that is subjected to cyclic stresses, namely:
1) The surface is always weaker than the subsurface of the material.
2) Surface irregularities such as scratches and poor surface finish can result 
in stress concentrations and, hence, cause cracks to initiate.
3) The tensile stress is a maximum at the surface of the component. A 
tensile stress will tend to open a crack and spread it in a direction 
perpendicular to that of the tensile stress.
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The main reason why a fatigue fracture may originate in the subsurface of a 
component is due to excessive surface compressive residual stresses, which are 
introduced into the component by, for example, heat treatment, forming or 
finishing processes or by mechanical prestressing.
The cyclic load applied to a component, which results in fatigue failure, can take 
many different forms; for example, a sinusoidal load cycle, which achieves an 
alternating maximum-minimum stress. Depending on the component being 
tested, the magnitude of the load and its frequency will affect the number of 
cycles to component failure; for example, low cycle fatigue failure may occur 
because the cyclic load is too high for the component material and/or structure. 
Conversely, either no failure or high cycle fatigue failure may occur because the 
load is too low for the component material and/or structure. Hence, both the load 
and the frequency at which it is applied are specific to the component under test. 
In low cycle, high stress fatigue situations, failure of the component can occur up 
to 103 cycles. In this region, high stresses cause considerable plastic deformation
prior to the failure of the component. In high cycle, low stress fatigue situations, 
failure of the component occurs beyond 
cause the material to deform elastically.
 10 cycles. In this region, low stresses
The stress-life, or S-N method, can be used to quantify metal fatigue. A plot of 
the alternating stress amplitude, S, versus life to failure (number of cycles), N, 
can be produced. This data can be presented on a linear, semi log or log-log plot. 
For example a typical S-N curve for 4140 Chromium-molybdenum steel is 
shown in Figure 1.1, (Mann, 1967). Note: 40,000 PSI to 55,000 PSI equates to 
275.8MN/m2 to 379.2MN/m2 .
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Figure 1.1: Typical S-N curve for 4140 Chromium-molybdenum steel
An example of component failure due to metal fatigue is that of the world's first 
passenger jet airliner, the De Havilland Comet. It was designed and built in 
Great Britain in 1954, as a sight-seeing aeroplane with large, square windows. 
After a successful first year, disaster struck when two planes were lost at sea and, 
as a result, all Comets were grounded so that safety checks could be carried out. 
It was found that the effect of pressurising and depressurising the cabin was 
causing cracks to initiate in the corners of the square windows, which led to 
catastrophic failure.
Fatigue failures, due to single or repeated impact loading, are frequently 
reported, as an impact can cause surface damage to a component that will affect 
its fatigue life. Impact fatigue loads can usually be divided into two categories: 
regularly-repeated impact load and randomly-repeated impact load. Previous 
research on impact fatigue by Yu et al. (1999) highlighted the following points.
a) The fatigue strength of impacted specimens is lower than the fatigue 
strength of non-impacted specimens.
b) The crack growth rate is usually higher in impacted specimens than in 
non-impacted specimens.
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c) Stress concentrations cause the fatigue life of materials to decrease.
d) The difference in the endurance fatigue limit between impact and non- 
impact fatigue increases with the hardness.
e) The crack initiation life in smooth specimens is higher in impact fatigue 
than in non-impact fatigue. However, the crack initiation life of notched 
specimens is shorter in impact than in non-impact fatigue.
f) The impact fatigue life of a specimen significantly improves with an 
increase in the distance between the minimum cross section and impact 
loading point. As the distance increases, the effect of the impact plastic 
wave decreases, and, hence, there is an increase in impact fatigue life.
When a metal component is subjected to an impact from another, harder object it 
will normally result in an indentation or crater on the surface of the metal. This 
indentation is the result of local plastic yielding, which will tend to expand but is 
restrained by adjacent, deeper metal that was not plastically deformed by the 
impact. Residual compressive stresses are induced in the metal, the depth of 
which depends on the hardness and ductility of the metal, the size and velocity of 
impact and also the state of the strain in the metal at the time of impact.
Residual stresses can affect the fatigue behaviour of materials, as they can alter 
the mean level of the fatigue cycle and the fatigue life for crack nucleation. 
Residual stresses are induced in a ductile material when the material is unloaded 
after previously being loaded. This action results in a non-uniform stress 
distribution and, where the initial loading is sufficiently large, the maximum 
residual stress exceeds the yield stress of the material. Residual stresses are 
thought to be favourable if compressive but detrimental if tensile (Suresh, 1994), 
hence the reason why the process of shot-peening is widely used to improve the 
fatigue life of many engineered structural parts. In the shot-peening process, 
small, hard spheres (usually O.lmm to 1mm in diameter) are shot at the surface 
of a component, with a velocity in the order of 60m/s. Depending on the velocity 
and size of shot used, duration of treatment, coverage, the material properties of 
the shot and the surface being treated, a compressive residual stress layer of
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varying depths will be generated on the surface of the component due to the 
localised plastic deformation of the surface layer of the component. Shot- 
peening is used to improve the fatigue life of many engineering components such 
as gears, shafts and valves springs.
An example of component failure due to repeated impact damage can be found in 
pulse-jet engines. Pulse-jets are a very simple type of engine with only one 
moving part, the reed valve. The reed valve flexes back and forth against a 
retainer plate, allowing air into the combustion chamber. When there is a build 
up of pressure, the valve stops the exhaust gases escaping through the inlet. As 
the reed valve can flex around a hundred times a second, each time hitting 
against the retainer plate, this can lead to impact fatigue failure of the reed valve.
One possible way to predict the residual stresses present in a component which 
has been subjected to an impact is with the use of finite element analysis. In the 
late 1800s, Lord John William Strutt Rayleigh developed a method for predicting 
the natural frequency of simple structures. This method was developed further 
by Walter Ritz, becoming known as the Rayleigh-Ritz method, and was used to 
predict the stress and displacement behaviour of structures. The Rayleigh-Ritz 
method proved difficult to use on complex shapes, so by the 1940s numerical 
methods had been developed by Alberto Castigliano and William Rowan to 
predict the behaviour of more general structures. In 1943 Richard Courant 
proposed the use of triangular elements, which could be used to predict the 
behaviour in more complex structures. The development of analogue computers 
in the 1950s enabled a team from Boeing to demonstrate that complex surfaces 
could be analysed with a matrix of triangular shapes. The benefit of structural 
analysis to the aerospace industry became clear and structural analysis methods 
on computers were developed. In 1960 Dr. Ray Clough coined the term "finite 
element" and finite element analysis (F.E.A.) was carried out on digital 
computers, which were much faster than the analogue computers previously 
used. As the speed of computers grew so the F.E.A. software was developed 
further. In the 1980s F.E.A. was linked with computer aided design (CAD)
Suzanne L Thomas PhD Thesis, 2008
Chapter 1: Introduction
packages and from the 1990s the F.E.A. software could be found built into many 
CAD packages, (Adams el al., 1999). Today F.E.A. is used in many areas of 
modern engineering design to assist the engineer when carrying out stress 
analyses on heat conduction, electrical fields, magnetic fields and fluid flow; for 
example, on very complex geometries and structures. A further advantage of 
using F.E.A. when carrying out investigations into areas such as stress analysis is 
that F.E.A. is non-destructive, unlike other techniques such as hole-drilling and 
layer removal, which are used to measure residual stresses.
1.1 Aims and Objectives
The aim of the research was to investigate the effect of a single impact on the 
fatigue life of steel. A component subjected to a single impact may have not 
only noticeable surface damage but also residual stresses in the surface and 
subsurface layers. These residual stresses may improve, or possibly reduce, the 
fatigue life of the component. The objectives of the research were, therefore, to 
investigate what effect the size of an impacting object has on the fatigue life of a 
specimen, which can be achieved by varying the size of spherical impact, and 
also to evaluate experimentally, by varying the height of impact, how the amount 
of single impact energy affects the fatigue life of specimens. Various numerical 
models were developed for the different sizes of spherical impactor tested, which 
can be used to show the surface and subsurface stresses produced as a result of 
the impact. The data acquired from material testing during the experimental 
programme were used as initial conditions to produce an accurate numerical 
model.
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1.2 Structure of the Thesis
The subsequent Chapters of this thesis, in brief, cover the following topics:
Chapter 2: A comprehensive literature review on the technical aspects of metal 
impact fatigue and relevant numerical modelling is presented. Included is a 
summary of the salient points raised in previous research, together with some of 
the unexplored areas, and the aims behind the current research are outlined.
Chapter 3: Presents the experimental apparatus, the single impact and fatigue 
tests undertaken, and also details the materials used and methodology followed.
Chapter 4: Comprises a summary of all impact and fatigue test results and, 
where appropriate a discussion on how these results were interpreted and the 
possible factors that may have influenced them.
Chapter 5: Presents both two-dimensional and three-dimensional non-linear 
models, which have been developed using the ANSYS finite element software, to 
simulate a specimen which has been subjected to a single impact and to observe 
the residual stresses produced in the specimen. Comparisons are made between 
the numerical and experimental results in order to validate the numerical results 
obtained.
Chapter 6: Provides a discussion on the experimental results obtained in Chapter 
4 and the numerical results obtained in Chapter 5. Any concerns or factors that 
may have influenced the results are also discussed.
Chapter 7: Finally, a summary of the research project, accompanied by the 
major conclusions from the study, is presented. Additionally, the limitations of 
the present work are identified and suggestions for further work are also 
included.
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This Chapter presents a comprehensive literature review of the technical aspects 
of metal impact fatigue and relevant numerical modelling, which includes a 
summary of the salient points raised in previous research, as well as outlining 
some of the unexplored areas and the significance of the current research.
The preliminary review carried out has highlighted many areas that may be 
considered when carrying out research into the fatigue induced in an object that 
has been subjected to impact. It has therefore been decided to separate this 
review into the related areas; namely, spherical impacts, finite element analysis 
and case studies.
The trademarks of the various software packages discussed within the literature 
review are listed below:
  ABAQUS is a commercial software package for finite element analysis 
developed by SIMULIA, a brand of Dassault Systemes S.A.
  ADINA is a commercial software package for finite element analysis 
developed by ADINA R&D, Inc.
  ANSYS is a commercial software package for finite element analysis 
developed by ANSYS, Inc.
  DYNA2D is a commercial software package for finite element analysis 
developed by Hydrosoft International (HI).
  LS-DYNA is a multiphysics simulation software package, actively 
developed by the Livermore Software Technology Corporation (LSTC).
  MARC2000 is a finite element code developed by MSC Software 
Corporation.
  PW/WHAM is a finite element code developed by Henry Teichman 
based on the WHAM software package for finite element analysis.
  ZeBuLoN is a commercial software package for finite element analysis 
developed by Northwest Numerics, Inc.
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2.1 Spherical Impacts
Tabor (1948) carried out an experimental investigation using various metals that 
were impacted by conical and spherical indenters under both static and dynamic 
load conditions, to determine the effect on material hardness. Steel conical and 
spherical indenters, with radii varying from 0.05mm to 0.159mm, were used to 
indent specimens of steel, aluminium alloy, brass and bronze. Static loads of 
between 2,453N and 29,430N (250kg and 3,000kg), and impact velocities of 
between Om/s and 9m/s were used. The results showed that the conical 
indentation had no effect on the hardness value of the materials tested, unlike the 
materials impacted with spherical indenters, which produced work-hardening. 
For the very soft metals tested, the dynamic hardness was found to be much 
higher than the static hardness. With the materials indented with the spherical 
indenter, it was noted that the work hardening increased with the size of indenter.
Goldsmith et al. (1960) carried out an experimental investigation to determine 
the force-indentation relationship of hard steel balls on tool steel, lead and 
aluminium bars, under both static and dynamic load conditions. Steel balls of 
12.7mm radius were impacted into the metal specimens using an air gun, with 
impact velocities of between 7.1m/s and 89.2m/s. The position of the impact on 
the specimen was not accurate and, consequently, was not repeatable. The 
energies before and after impact were found, and it was noted that work 
hardening occurred in the static compressive test specimens, particularly at low 
velocities, compared with the dynamic test specimens. The dimensions of the 
impact crater were calculated using strain data and also equations that treated the 
metal bars as one-dimensional members. The strain data was obtained between 
50mm to 203mm from the impact site, which does not give an accurate 
representation of the strain at the location of impact as the strain will alter along 
the length of the sample. A good correlation was found between the calculated 
impact craters and the actual impact craters produced.
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Using a two-dimensional, axi-symmetric finite element analysis, Hardy et al. 
(1971) carried out a study of the deformations and stresses produced when a rigid 
sphere was pressed into an elastic-perfectly-plastic half-space. It was found that 
the radius of indentation produced experimentally in previous literature was very 
similar to that predicted by the F.E.A. used in the study. The pressure 
distribution in the contact region was noted to change from an elastic elliptical 
shape to a rectangular shape as the static load increases, as shown in Figure 2.1. 
It was noted that there was a thin elastic inclusion imbedded in the plasticised 
material under the applied load and some residual radial and tangential tensile 
stresses existed over the contact area.
234 
Rodiol distance otong the surface (~>
Figure 2.1: Pressure distribution in contact area (Hardy et al., 1971)
Experiments were carried out by Studman et al. (1977) to support the hypothesis 
that high residual stresses develop just outside the contact area of a flat surface 
that has been statically loaded with a spherical indenter. In the experiments, a 
flat, carbon steel (EN44B) surface, 10mm thick and with a hardness of 800DPN, 
was impacted with a tungsten carbide sphere of 5mm radius, with the load 
applied at a constant stress rate of usually 250N/sec. Additionally, the maximum 
load of 25kN was held constant for 20 seconds, after which photographs were 
taken and notes made. The applied load was then reduced to approximately half
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the loading rate and further photographs were taken and notes made. Radial and 
circumferential cracks in the steel were found to extend after load removal, 
implying the presence of high tensile circumferential residual stresses. Under 
these loading conditions the 25kN load would have a contact time of 20 seconds; 
the current research will concentrate on dynamic impacts with a contact time of 
approximately 0.2ms.
Further experimental work was carried out by Iguchi et al. (1979), on smooth 
round bars and notched flat specimens of annealed carbon steel (JIS S20C 
equivalent to AISI 1020) using an axial load impact fatigue testing machine. The 
load was applied in a similar manner to a forced falling hammer, the weight of 
which was not noted, and the specimens received 4 impacts every second. The 
fracture surface was examined using scanning electron microscopy and the X-ray 
diffraction technique, and the residual stresses were determined using X-ray 
diffraction. It was found that the fatigue life of impacted smooth round bars was 
longer than that of the non-impacted smooth round bars. The fatigue life of the 
impacted notched flat specimens was much shorter than the non-impacted 
notched flat specimens. It was noted that the larger the stress concentration 
produced due to impact, the shorter the fatigue life. Also, the rate of crack 
growth in impact fatigue was higher than that in non-impact fatigue, when 
compared at the same maximum stress intensity factor.
Krai et al. (1993) investigated the deformation characteristics and residual 
stresses produced from the repeated indentation of a half-space by a rigid sphere. 
The half-space was modelled using the finite element code ABAQUS, with 
varying material properties and the rigid spherical indenter, of radius 0.0015mm. 
A two-dimensional, axi-symmetric model was developed were the load was 
applied in steps until a maximum load of 300 times the initial yield load was 
applied, and it was found that the surface and subsurface stresses varied with 
material hardness. For non hardened materials, a spherical band of tensile hoop 
stress develops from the axis of symmetry to the surface, which produces a peak 
tensile hoop stress at the surface, and subsequently increases the materials
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susceptibility to surface radial cracking. In hardened materials, as the loading 
increased, a decrease in both the compressive radial and tensile hoop stresses at 
the contact edge was found, with the surface stresses remaining unchanged. The 
use of such a small indenter indicates that this research may have been merely an 
exercise in the use of ABAQUS.
Finite element solutions comparing the normal contact of an elastic-plastic 
layered medium under loading by a rigid and also a deformable indenter, were 
carried out by Faulkner et al. (1998), with a two-dimensional, axi-symmetric 
model produced using the ANSYS program. The layered plate consisted of a 
stiff hard layer rigidly bonded to a softer substrate, which was indented by a 
sphere of radius 100mm to represent the indentation made by a Rockwell 
indenter. The results produced showed that varying the properties of the indenter 
affected the point at which yielding commenced. The results obtained were not 
supported by any experimental work.
Johnson (1999) reported on the theories postulated by Heinrich Hertz in 1882. 
Hertz produced mathematical models of the stresses produced when two 
spherical elastic bodies make contact. The assumptions made by Hertz when 
carrying out these analyses can be summarised as follows:
a) The surfaces are frictionless
b) Strains are small
c) Each solid can be considered as an elastic half-space
d) The contact surfaces are continuous and non-conforming.
The pressure distribution within the contact area between two spheres was noted 
to be hemispherical in shape and between two cylinders was noted to be elliptical 
in shape. At the surface within the contact area all stress components are 
compressive, except at the very edge of the contact area where the radial stress is 
tensile, and have a maximum value which can be calculated using equation 2.1.
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or =-(l-2v)P0 (2.1)
where cr = maximum radial stress 
v = Poisson's ratio 
P0 = maximum pressure
A numerical study of the normal impact of elastoplastic spheres with a rigid wall 
was produced by Li et al. (2000), who used DYNA2D to write an axi-symmetric, 
non-linear, explicit, two-dimensional F.E. code. A typical steel sphere with a 
10mm radius was modelled impacting three materials which are elastic, 
elastoplastic and elastic-perfectly-plastic. Contact force and displacement were 
analysed and also both material behaviour and the coefficient of restitution 
(COR) were considered. It was found that the more elastic the material was, then 
the shorter the contact time of the impact and the higher the rebound velocity 
was. The contact force was found to be the greatest in the elastic material and 
the COR was found to decrease with impact velocities greater than 20m/s. The 
strain hardening was also noted to increase with impact velocity, demonstrating 
that work hardening had taken place. The results obtained were not supported by 
any experimental work. This work was later developed by Wu et al. (2003) and 
compared with the experimental results produced by other researchers, namely 
Tabor (1948) and Goldsmith et al. (1960), and the F.E. results were found to 
compare well with the experimental results. The COR was found to decrease 
with increasing velocity and to be proportional to (impact velocity)" .
Further work by Yan et al. (2003) used the F.E.A. code MARC2000 to produce a 
two-dimensional, axi-symmetric model of the contact between a rigid sphere of 
radius 50mm and a deformable half-space, using typical steel material properties. 
The work carried out investigated the pressure distribution during unloading. It 
was found that beyond the elastic limit the deformation during unloading is 
perfectly elastic, and that the reloading curve follows exactly the unloading curve
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for the same contact force. The F.E.A. results were compared against those 
calculated using Hertz's Law and agreed favourably. However, no frictional 
properties were considered in this work.
Wu et al. (2005) developed a two-dimensional, axi-symmetric model using 
DYNA2D, to determine the energy dissipation during the normal impact of an 
elastic spherical particle with both an elastic and an elastic-perfectly-plastic 
substrate. A bilinear model was produced with no strain hardening or frictional 
affects considered. The impactor was 10mm in radius and the impact velocity 
ranged between 5m/s and 150m/s. The substrate was square in cross-section and 
was modelled in two sizes; 20mm x 20mm and also 100mm x 100mm. The 
numerical results obtained for the elastic to elastic contact compared well with 
those calculated from Hertzian theory for elastic contacts (Johnson, 1999). It 
was noted that with the elastic to elastic contact, as the velocity increases both 
the contact time and the COR decreases, indicating an increase in the amount of 
kinetic energy dissipation and possibly an increase in the amount of elastic stress 
waves generated. It was also noted that substrate size was found to have an 
affect on the energy dissipation. In the smaller substrate there was found to be 
more than one reflection of the stress waves generated, thus causing the energy 
dissipation due to stress wave propagation to be negligible. In the larger 
substrate size there was no reflection of the stress waves generated and so there 
was significant energy dissipation due to stress wave propagation. The elastic to 
elastic-perfectly-plastic contact indicated that the energy loss due to stress wave 
propagation is negligible and kinetic energy is mainly dissipated due to plastic 
deformation. It was also noted that as the impact velocity increases the COR 
decreases. No experimental work was carried out to verify the results obtained.
Previous research into spherical impacts, discussed above, has not considered the 
residual stresses in the test specimens due to either static or dynamic loading, and 
their subsequent effect on the fatigue life of the specimens. The current study 
will consider the effect of dynamic loading on the fatigue life of specimens and 
the residual stresses produced. The current research work will use a rigid
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spherical indenter, varying from 10mm to 40mm in radius, with a mass of 3.52kg 
and an impact velocity of approximately 3m/s, as research to date indicates that 
low impact velocities with varying sizes in indenter have not been considered. 
The hardness of the material will be tested both before and after impact, to 
determine whether any work hardening of the impacted material has taken place. 
Also where possible, the experimental results will be used to validate the 
numerical results.
Previous research has shown that finite element analysis has primarily centred 
around two-dimensional, axi-symmetric models, which ignore time dependant 
effects and assume the material to be elastic-perfectly-plastic. The current 
research aims to determine both experimentally and with the use of a three- 
dimensional model, how the size of an indenter will affect the fatigue life of a 
specimen. The model, which will consider time dependant effects, will be used 
to show the residual stresses in specimens after a single impact and also any 
effect to the properties and geometry on the periphery of the specimens.
2.2 Finite Element Analysis using ANSYS
The finite element program ANSYS was used by Orbison et al. (1989) in the 
development of fatigue crack initiation studies in specimens. The two- 
dimensional, axi-symmetric model was found to be very useful in determining 
principal and yield stresses. Firmin et al. (1994) showed that the ANSYS 
program can be used to predict both the stress and strain distribution in a 
component under either static loading or time varying loads. However, it was 
suggested by the authors that there is no reliable way to accurately predict the 
onset of fatigue failure in a component.
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ANSYS has also been used by Slavik et al. (2000) to predict the stress intensity 
in aircraft engine components. The ultimate strength characteristics of steel 
plates under axial compressive loads were determined and the plates were struck 
with circular and conical shape impactors to determine how the effect of shape, 
size and location of impact will affect the ultimate strength behaviour. A series of 
elastic-plastic, large deflection, finite element analyses were carried out in 
ANSYS using four node plate shell elements, with a finer mesh used in the 
vicinity of the impact area. A two-dimensional plane stress and also a plane 
strain model were produced, as well as an axi-symmetric, three-dimensional 
model. The results produced compare well with other finite element programs 
and theoretical literature, although ANSYS generated slightly higher stress 
intensity results.
Compressive testing carried out by Paik et al. (2003) using spherical and conical 
indenters into steel plates, showed that the shape of the impactor did not appear 
to affect the ultimate compressive strength. However, as the diameter and depth 
of the resulting impact crater increased, the ultimate compressive strength 
decreased. It was also noted that as the impact location becomes closer to the 
edge of the steel plate, the ultimate compressive strength will decrease. The 
experimental results were then verified with the use of a plane stress, two- 
dimensional, non-linear numerical model developed using ANSYS.
Her et al. (2004) used the LS-DYNA software to model the effect of a low 
velocity impact on composite laminates of cylindrical and spherical shells, in 
order to determine the contact force during impact and the resulting deflection of 
the composite structure. The plane stress, two-dimensional model that was 
produced simulated a rigid spherical steel indenter impacting the composite 
material ASH3501 with a velocity of 30m/s and the model ignored the effect of 
friction during contact. The numerical results were compared with results found 
in existing literature and were noted to be in good agreement.
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Four different types of fibre reinforced composite plates were studied by 
Hosseinzadeh et al. (2006), after being impacted by a standard drop weight with 
different impact energies. Carbon fibre, carbon/glass fibre, thin glass fibre and 
thick glass fibre reinforced composite plates were impacted with spherical 
hardened steel impactors of radius 9.5mm with impact energies of 30J, 50J and 
100J, weighing either 2.5kg and 5.5kg. The damage zones were studied using a 
non-destructive inspection (N.D.I.) technique which uses two ultra-sonic probes, 
called the A-Scan. It was found that the carbon fibre reinforced composite plates 
showed the best structural behaviour under low impact velocities, with the 
carbon/glass fibre performing best under high impact velocities. The 
experimental results were then compared with numerical results produced by 
plate impacts modelled using LS-DYNA V6.1. However, the plane stress, two- 
dimensional analysis did not produce results which were in agreement with the 
experimental results. The damage to the plates produced by the model was not 
similar to that produced experimentally, as the software cannot accurately model 
the post-failure behaviour of the composite plates.
2.3 Case Studies
This section will consider case studies where impacts can enhance the fatigue life 
of components, such as in the shot peening process, and also reduce the fatigue 
life of components, such as aircraft structures, boat propeller blades and ice axes.
2.3.1 Shot Peening
Shot peening is a well recognised process, which is used to enhance the fatigue 
characteristics of metal components and to help eliminate the problems of stress 
corrosion cracking. The process involves the bombardment of the surface of a 
material with small spherical media, also called "shot", to produce a thin layer of
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high magnitude residual compressive stress. The compressive stresses that help 
to prevent crack initiation are generated when the impact of each particle of shot 
on the component produces a small indentation which compresses the material 
beneath the indent. The purpose of introducing compressive stresses into a 
component is to prevent fatigue failures, which usually propagate through a 
component in regions of tensile stress. Changing tensile stresses to compressive 
stresses at the surface of a component, where fatigue cracks typically occur, 
limits their propagation, (Lawerenz, 1991 and Brickwood, 2002). Tyler (1987) 
determined that the resulting residual compressively stressed layer is equal to 
approximately 50% to 60% of the ultimate tensile strength of the metal, which 
results in a component with enhanced fatigue strength of between 10% and 35%, 
depending on the material used.
Hills et al. (1983) have shown experimentally that the residual stresses obtained 
in quenched aluminium and annealed stainless steel cylindrical specimens during 
shot peening at various velocities and with shot of radius 0.3mm to 0.4mm, are 
directly proportional to the material hardness. The depth of material affected 
was also found to be directly proportional to the velocity of the shot.
Metallographic studies by Murray (1984) have shown that shot peening breaks 
up the surface layer grains and changes the structure of the grain boundaries, in 
such a way that it develops slip planes and dislocations. The modified structure 
provides nucleation sites for the available carbon, which precipitates as fine 
chromium carbide particles along the slip planes. Shot peening also reduces the 
size of grain boundary carbides and the chromium depletion zone, and it prevents 
the formation of continuous grain boundary networks of the chromium depleted 
material; thus the material is no longer susceptible to intergranular corrosion.
Research carried out by Niku-Lari (1987) using various materials of shot, 
including steel, cast iron, glass and ceramics, of between 0.05mm and 0.65mm in 
radius, which were fired at steel specimens, showed that the maximum residual 
compressive stress in a material increases with the hardness of the shot, as shown
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in Figure 2.2. However, this does appear to stabilise out once it reaches an 
optimum level. It was also found that the stress gradient reduces with increasing 
shot size and that the harder the material of shot, the greater the depth of impact. 
The current research will use impactors of the same hardness to ensure that the 
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Figure 2.2: Variation in the maximum residual compressive stress as a function 
of the hardness of the material, for various shot diameters (Niku-Lari, 1987)
Gillespie et al. (1992) highlighted the importance of using the correct size and 
shape media when shot peening. Improperly sized shot will give either too little, 
too much or inconsistent layers of compressive stress, and may cause surface 
damage and poor fatigue properties, so 'Image Analysis' was used to determine 
the correct peening media. This process uses digital image processing to 
evaluate the size and shape of media, and appears to provide a much better 
control of peening media when compared to the use of different sized sieves 
currently used to categorise shot in size and shape.
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Fatigue tests were carried out by Hara (1992) on shot peened and non-shot 
peened specimens of precipitation hardened stainless steel at different 
percentages of yield. It was found that there is a direct relationship between 
fatigue failure and surface residual stresses; the higher the compressive stress, the 
greater the life of the component. Shot peening was found to remove the residual 
tensile stresses in the surface layer of specimens, which resulted in a significant 
improvement in fatigue strength in the order of 25% for the shot peened 
specimens.
A mathematical model was developed by Diepart (1993), which can be used to 
predict the optimum peening parameters required to produce the necessary level 
of residual compressive stresses in a metal component to improve the fatigue 
performance and prevent stress corrosion cracking. The model showed that it is 
possible to vary the shot size and velocity to determine the residual stresses in a 
component.
Mitsubayashi et al. (1994) shot peened specimens of JIS SCr420 steel using shot 
of 0.4mm radius at a velocity of 29m/s, to determine the effect of shot peening 
on the fatigue strength of transmission gears. They verified both theoretically 
and experimentally that the compressive residual stress layer formed by shot 
peening can suppress the propagation of fatigue cracking.
Research carried out by Farrahi et al. (1995) on 531 HV spring steel, has shown 
that the value of surface stress is not affected by the kinetic energy of the shot, 
and that the residual stress is not greatly affected by the shot size. However, the 
maximum stress occurred at a lower subsurface level as the shot size increased, 
and a linear relationship was found between the depth at which maximum 
residual stress occurred and the size of the shot. It was also found that shot 
peening does improve the fatigue strength, but that shot size has little effect on 
the endurance limit. However, the endurance limit was said to be reduced by 
using a harder shot material, but this is not true in all tests carried out. The depth 
of the plastically deformed layer and the depth of the maximum residual stress
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increases with shot peening time, projection pressure and shot size. This fatigue 
life improvement can be attributed to the maximum residual stress and also to the 
depth of the plastically deformed layer. The residual stresses were determined 
using SIEMENS X-ray stress measurement apparatus. The saturation of the 
surface with shot was also tested, and it was determined that once total saturation 
(100% coverage) had been reached, further impacts had no effect on the fatigue 
life. The accuracy of shot was not repeatable making it difficult to make any 
suppositions concerning single impacts.
In order to clarify the mechanism of the creation of compressive residual stresses 
by shot peening, Kobayashi el al. (1998) performed both a static compression 
test and a dynamic impact test using a single steel ball against a flat steel plate. 
The tests used a 25mm radius steel ball with a 50mm thick flat steel plate and 
also a 38mm radius steel ball with a 75mm thick flat steel plate. In the static test 
a force of 49kN was applied to the ball, and in the dynamic test a velocity of 
6.3m/s was applied to the ball through a drop height of 2m. As the dynamic test 
was a repeated impact test, observations were made after the 1 st , 10th , 20th and 
30th impacts; it should be noted that these were just impacts to the specimen and 
not repeated impacts to the same location on the specimen. The shape of the 
impact craters produced showed that the depth of impact was larger in the static 
tests but the swell around the indentation was greater in the dynamic tests. In the 
static compression test, compressive residual stresses were created near the 
centre of the ball indentation mark, whereas in the dynamic impact test, tensile 
residual stresses were created near the centre of the ball indentation mark and 
compressive residual stresses are created on the outside of the indentation. Also, 
the tensile residual stress in the centre of the first ball indentation mark changed 
to compressive stress as the frequency of the ball indentations surrounding the 
first ball indentation mark increased. Thus, the compressive residual stress 
created by shot peening is considered to be the result of the superposition of the 
residual stresses produced by surrounding shots.
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Kirk (1999) postulated that the diameter of the shot used can produce a residual 
stress layer of the same depth, and that larger shot produce a deeper layer of 
compressive stress. However, he has not validated his theories.
Wick et al. (2000) has found that shot peening at elevated temperatures (290°C) 
can increase the fatigue strength of quenched and tempered steel (AISI 4140), 
where compared to conventional shot peening temperatures. The warm peened 
steel samples have only a slightly higher compressive residual stress than those 
which are conventionally peened. These stresses are due to the strain ageing 
processes, which lead to a more diffuse dislocation structure. Annealing after 
conventional shot peening reduces the fatigue strength because the residual 
stresses are decreased.
By carrying out rotating bend fatigue tests on steel (AISI 4340) subjected to the 
shot peening process, Torres et al. (2002) found that an increase in the shot 
peening intensity results in an increase in the compressive residual stress field, 
but did not necessarily increase the fatigue life of the steel samples. It was also 
found that the relaxation of induced compressive stresses during the fatigue 
process, in medium and high cycle fatigue of shot peened samples, will initiate 
cracks below the surface of the specimen. In low cycle fatigue of shot peened 
samples cracks initiated on the surface of the sample.
Teodosio et al. (2003) found that shot peening produces compressive stresses in 
the superficial layers of steel, which can improve the resistance to fatigue crack 
initiation. Of the two materials tested, namely a high strength low alloy steel and 
a duplex stainless steel, both showed an improved resistance to fatigue crack 
initiation after shot peening.
A literature review was conducted by Shen et al. (2006) on previous research 
carried out, which considered the residual stresses induced by shot peening. It 
was noted that very few studies considered the effects of multiple indentation and 
that many analyses were concerned with static rather than dynamic impacts, with
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little consideration into the velocity of the shot and material characteristics. 
Therefore, the authors decided to develop a mathematical model to predict the 
distribution of residual stresses due to shot peening. The materials tested 
included A17075 and T1-6A1-4V, with shot of size SI70 (0.216mm radius). It 
was found that the model could not show the tensile residual stress field due to 
an incorrect assumption; namely, that the target material could be considered as 
semi-infinite. However, it was felt that the model could be developed further in 
order to accurately determine the residual stresses induced in a material due to 
multiple impacts.
In a study carried out by Park et al. (2006), to determine the affect of shot 
velocity on material characteristics, cylindrical test specimens of aluminium 
alloy (A16061-T651) were impacted with shot of 0.4mm radius, at velocities of 
40m/s, 50m/s and 70m/s. The experimental results obtained showed that surface 
roughness, hardness, compressive residual stress and fatigue life all increase as 
shot velocity increases. The author did not carry out any finite element analyses 
to verify the residual stresses produced.
Rotating bend fatigue tests were carried out by Kawagoishi et al. (2007), in order 
to investigate the effects of shot peening and double shot peening on the fatigue 
strength of 18% Ni maraging steel. Round specimens of 2.5mm radius were 
impacted with shot made from steel (0.15mm, 0.3mm and 5.5mm radius) or 
cemented carbide (0.025mm radius). An X-ray diffraction technique was used to 
determine residual stresses and it was found that fracture initiated from the 
surface of the specimen. Also, the fatigue life of the specimen increased due to 
the shot peening. It was noted that the smaller the shot size was, then the higher 
the fatigue strength. Double shot peening was found to not only increase the 
fatigue life of the specimen but also to reduce the scatter of results. Additionally, 
double shot peening increase both the hardness of the specimen and the amount 
of compressive residual stress near the specimen surface.
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2.3.2 Shot Peening and Finite Element Analysis
A plane stress, two-dimensional model, developed by Levers et al (1998), 
allows the analyst to analyse the impact of shot against the surface of thin plate 
structures. Shot is impacted into a specimen of aluminium alloy using F.E. code 
in ABAQUS. The analyst is then able to examine the effect of varying the shot 
size and velocity, to visualise the residual stress profile produced with 100% 
coverage. The resulting simulation can be used to predict the shape of large 
flexible structures, such as an aircraft wing, after the peening process. However, 
no experimental work was carried out to verify the numerical results.
Finite element analysis has also been used to predict the development, magnitude 
and distribution of residual stresses in accordance with shot velocity, shot 
diameter and material parameters. The models, developed by Schiffner et al. 
(1999) in ADINA 7.1, was used to simulate in 2D and 3D the perpendicular 
impact of an elastic sphere on an elastic-plastic surface and also to investigate the 
effect of multiple impacts. Steel shot (42CrMo4) of 0.2mm to 1mm radius was 
impacted with a velocity of up to lOOm/s into steel specimens (54CrSi6). The 
two-dimensional model developed was axi-symmetric and the three-dimensional 
model was quasi-static.
Baragetti (2001) used ABAQUS 5.4 to produce both axi-symmetric and 3D 
models of the shot peening process. A steel shot was modelled impacting a low 
alloy steel sample. The shot was modelled with a velocity of lOOm/s at varying 
angles of impact (0 degrees, 30 degrees and 45 degrees, with respect to the 
normal of the impacted surface). Single and multiple impacts were modelled and 
it was found that after impact compressive stresses existed near the surface of the 
sample and tensile stresses were present in the inner parts of the sample. No 
experimental work was carried out to verify the numerical results.
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Finite element analysis has also been used to model and simulate the residual 
stress field resulting from the shot peening process on welded joints on aircraft 
structures. Meo et al. (2003) produced an axial-symmetric, three-dimensional 
model using ANSYS to simulate a steel shot peening ball of 1.5mm radius 
impacting a welded 2024-T6 aluminium specimen, at a velocity of 36m/s. The 
impact time was between 9jis and lO^is, and it was noted that altering the 
coefficient of friction between 0.1 and 0.5 had no effect on the residual stresses 
and plastic strains produced. The model showed that there was a tensile stress 
beneath the impact site, with a compressive stress on the surface of the specimen. 
This work was verified by experimental work and there was good agreement 
with the numerical results. The research showed that shot peening can be seen to 
reduce the tensile residual stresses induced by the welding process and therefore 
increase the fatigue life of welded aircraft structures.
Research carried out by Guagliano et al. (2004) initially involved carrying out 
rotating bend fatigue tests on un-notched cylindrical specimens of 39NiCrMo3 
steel in order to determine the fatigue limit of the material being tested. Notched 
specimens were then produced and shot peened with 0.15mm and 0.3mm radius 
shot. It was found experimentally, and also by using finite element analysis, that 
the fatigue limit increased with the larger diameter shot size. Axial-symmetric, 
three-dimensional numerical models were produced using ABAQUS to verify 
the experimental results. The research indicates that the depth at which 
maximum compressive residual stress occurs is an important factor in 
determining the fatigue life of the component. Greater compressive stress is 
produced by the larger shot size, which in turn produces a higher fatigue limit, 
indicating that the smaller the depth of impact the greater the fatigue life of the 
component.
A three-dimensional, elastoplastic finite element model was produced by 
EITobgy et al. (2004), to determine the resulting residual stresses from the shot 
peening process. Specimens of AISI4340 steel, which were impacted with a 
deformable steel shot of 0.2mm, 0.35mm and 0.5mm radius, at velocities of
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20m/s, 25m/s, 40m/s and 60m/s, were modelled using ABAQUS. The numerical 
results compared well with the experimental results of previous work carried out 
by Torres et al. (2002). The compressive stress and penetration depth were 
found to increase with both shot size and velocity, and a slight decrease in 
surface stress was observed with an increase in shot size. Multiple impacts were 
also modelled but did not show any substantial effect on the resulting residual 
stress profile.
A two-dimensional, axi-symmetric model was produced by Cochennec et al. 
(2006), using the ZeBuLoN F.E. package. The model simulated 7075T13 
aluminium alloy plate impacted with a steel shot of 1.5mm radius at velocities of 
between 0.2m/s and 20m/s. Frictional effects were not considered. The model 
was compared with the results of previous experimental research and was found 
to overestimate both the COR and also the indentation diameter produced. For 
high impact velocities the residual stress profile shows good agreement with the 
experimental results. A tensile residual stress is observed just below the top 
surface of the specimen for velocities below 15m/s; however, this was not 
validated experimentally. Differences between the experimental and the 
numerical results may be due to inaccuracies in the numerical model. For 
instance, the plate being impacted is highly constrained in the model when 
compared to the experimental rig, which will result in a difference in impact 
energy absorbed. Also, the impact diameter measurements were carried out 
using an optical microscope, which may not be as accurate as the results 
produced by the model. The height of rebound was measured using a digital 
camera, which may also produce errors depending on the exposure speed of the 
shot taken and accuracy of height measurements. The accuracy of the model 
may be enhanced by taking into account the kinematic hardening effects.
Frija et al. (2006) have developed a three-dimensional elastic-plastic numerical 
model, using ABAQUS, to predict the induced residual stress, plastic 
deformation profiles and superficial damage caused by shot peening. An 
aeronautical Nickel-based, super-alloy material, Waspaloy, was impacted with
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cast steel shot of size S230 (0.3mm to 0.42mm in radius), at a velocity of 52m/s. 
The model simulated 100% surface coverage with shot peening. The obtained 
residual stress and plastic deformation profiles are in good agreement with the X- 
ray diffraction analysis that was also carried out and the maximum surface 
damage was located in the border of the indentation zone. It was noted that as 
the frictional coefficient increases, the surface compressive stress decreases. A 
slight relaxation of the residual stresses due to the shot peening process was also 
found.
Overall, previous research into components which have been shot peened show 
an increase in the fatigue life of a component, with tensile residual stresses 
present below the surface of the impact and compressive residual stresses on the 
surface of the component. However, previous work has concentrated on either 
the experimental aspect of the research with small spherical indenters impacting 
at high velocity, or the prediction of residual stresses with the use of a numerical 
model. The current research aims to determine both experimentally and with the 
use of a three-dimensional model, how the size of an indenter will affect the 
fatigue life of a specimen. However, unlike shot peening which uses spherical 
shot of up to 0.5mm radius impacting at a high velocity, the current research will 
use spherical indenters of varying radius sizes between 10mm and 40mm, 
impacting at a velocity of approximately 3m/s.
2.3.3 Shot Peening and Springs
Research carried out by Bell (1984) to investigate the shot peening of springs, 
showed that the larger the size of shot, the greater the increase in fatigue life. It 
was also found that double shot peening can also affect fatigue life. In double 
shot peening a large shot size followed by a small shot size was found to have 
little affect. However, a small shot size followed by a large shot size can 
increase the fatigue life of a component.
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The properties of helical compression springs of various metals and sizes after 
the shot peening process were analysed by Bird et al. (1986). The shot used was 
cast steel with a shot size of between S70 and S550. It was found that shot 
peening improved the endurance limit of springs, with the smaller shot resulting 
in the best improvement. It was noted that the larger the shot, then the greater 
the relaxation of the compressive stresses, resulting in decreased fatigue 
resistance. This could also be due to the fact that smaller shot results in better 
coverage on the awkward geometry of a spring.
A review of previous research on the properties of leaf springs was carried out by 
Kaiser (1987). It was noted that the amount of residual stress produced by shot 
peening on the surface of the material is determined by the tensile strength or 
hardness of the material, the velocity of the shot, the degree of coverage and also 
the diameter of shot used. Residual compressive stresses were found below the 
surface of the shot peened material and the thickness of the surface layer 
containing residual compressive stresses increased for all material hardness 
values, with increasing velocity of shot, size of shot, and rate of coverage. Also, 
the poorer the surface finish, the greater the improvement in fatigue strength that 
can be provided by shot peening, with a 20% increase for polished specimens, 
65% increase for surface decarbonised specimens and 100% increase for surface 
oxidized specimens. Residual compressive stresses induced by shot peening 
clearly increase with an increasing prestress and, therefore, also improve the 
fatigue strength. Additionally, minor surface defects can be eliminated or 
compensated for by shot peening.
2.3.4 Impacts on Aircraft Structures
Foreign objects, such as hail, ice, birds and debris, can cause a threat to aeroplane 
components such as jet engines (Weaver, 1990). The damage caused by foreign 
objects is known as Foreign Object Damage (F.O.D.). One area of particular 
concern is the F.O.D. to the leading edges of jet engine blades. In order to predict
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the performance of materials, it has been necessary to simulate the impact of the 
object.
To determine the maximum deflection and the ultimate strength of a fan blade 
under the impact from a bird, experiments were carried out by Tsai et al. (1974) 
on the impact of cantilever beams by silicone rubber cylinders, at a velocity of 
102m/s, to represent bird impacts. The results of the experiments were used to 
produce a model that can now be used to predict the structural response of the 
fan blades due to such impacts. The model was found to compare well with the 
experimental results.
Experimental work to evaluate the F.O.D. resistance of various materials for fan 
blades was carried out by Wong et al. (1978). Impacted cantilevered and simply 
supported specimens of materials such as Ti, Al, Boron Al and Boron Ti, were 
impacted with impactors that were made of gelatine in order to simulate the soft 
body impacts of birds. The impactors weighed between 55g and 789g, and were 
fired at the specimens at a velocity of 253m/s. Strain gauges were fitted to the 
specimens to measure the strains which resulted from the impacts. It was not 
clear from notes as to where on the specimens the strain gauges were located, 
which consequently makes it difficult to comment on the validity of the results 
obtained, as the resulting stresses will change over the length of the specimen. It 
was noted that the thicker the specimen was, then the lower the stresses resulting 
from the impact were.
Another investigation by Bertke et al. (1979) involved non-rotating impact tests 
on small test specimens of blade materials. This investigation involved three 
tests; fixed-fixed, cantilever, and free-free methods of mounting. The soft 
material gelatine was used to represent a bird, and was impacted on the edge of 
the test specimens. The titanium specimens had either flat or tapered edges. The 
impactors weighed between 2g and 6g, and were fired at the specimens at a 
velocity of between 140m/s and 480m/s. It was found that an increase in 
impactor size would increase the damage on the specimen, and that by
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decreasing the incidence angle of the impact, the damage would be reduced. The 
effect of different methods of mounting was found to be negligible, as the results 
were very similar for all three methods. Increasing the leading edge thickness 
decreased the amount of bending and damage in the impact area. The tests on 
the impacted specimens agreed with actual blade impacts; however, it was found 
that using a tapered edge specimen was more precise than a flat edge specimen, 
which in any case did not accurately resemble the real blade. It was also noted 
that increasing the velocity increased the damage to the specimen.
Further single impact tests were carried out by Nicholas et al. (1980), on titanium 
leading edge specimens, using small spheres of 0.4mm to 1.6mm radius that 
were made of varying materials such as sand and glass, impacting with a velocity 
of between 240m/s and 490m/s. An attempt was made to measure the stress on 
the specimens with the use of strain gauges but this was not achieved. It was 
difficult to obtain repeatability with the impacts as many of the impactors broke 
up on impact and it was also difficult to achieve the same position of impact on 
each specimen tested. It was found that as the impact velocity increased, the 
amount of denting or bulging of the leading edge also increased. The fatigue 
tests also indicated that the maximum damage, and the greatest reduction in 
fatigue life, occurred at the critical velocity when the blade had been dented and 
a tear was formed.
Martin (1990) developed a plane stress, two-dimensional, transient, non-linear 
impact analysis using the PW/WHAM F.E. program to determine the response of 
a soft body projectile impact on a solid body, which simulated the impact of a 
bird on a fan blade. The model was said to compare well with the test data and 
can be used as a design tool for most structural components concerned with soft 
body impacts.
Experimental work using gelatine spheres of 12.7mm to 15.9mm in radius, which 
were fired with an incident angle of 15 degrees at titanium alloy (Ti-6Al-4V) 
specimens, was carried out by Hughes (1992, 1994), in order to simulate bird
Suzanne L Thomas PhD Thesis, 2008 30~
Chapter 2: Literature Review
impacts on the leading edge of fan blades. The impact velocity ranged between 
470m/s and 617m/s. It was noted that as the size of impactor increases, so does 
the damage, and an increase in the velocity of impact will also increase the 
damage. Increasing the specimen thickness was found to decrease the amount of 
impact damage. A three-dimensional finite element analysis was conducted 
using the DYNA3D code to determine whether it is possible to calculate the 
critical failure velocity and it was found that the thicker the specimen the higher 
the critical velocity.
In order to validate a finite element model, experiments in which carbon/epoxy 
composite panels were impacted by ice spheres of 12.7mm, 21.35mm and 
25.4mm radius, at velocities of between 30m/s and 200m/s, were conducted to 
simulate hail on aircraft structures. The model, created by Kirn et al. (2000), 
used F.E. code DYNA3D to simulate the impacts. A linear relationship was 
found between high velocity impacts, kinetic energy and the impact force. It was 
also found that the larger impact craters were produced by the smaller projectiles. 
The numerical results were found to compare well with the experimental results 
produced.
A three-dimensional finite element analysis was also used by Chen et al. (2001, 
2002) to determine the relationship between the residual stress intensity factor, 
the crack size, and the indentation width, due to F.O.D. by metal spheres on 
titanium alloy blades. A hardened steel sphere of 1.6mm radius was impacted 
into Ti-6Al-4V alloy specimens at a velocity of between 200m/s and 300m/s. 
Strain hardening was not considered in the analysis. It was found that at 200m/s, 
crack initiation occurred underneath the impact crater. It was also postulated that 
shallow indents can reduce the critical crack size by as much as 60%. No 
experimental work was carried out to verify these observations; never the less the 
F.E.A. results did compare well with theoretical results using Hertz's Law.
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A different aluminium alloy was investigated by Steif et al (2001), to determine 
its suitability for use in turbine engines. The material tested was y-TiAl. A steel 
sphere of mass 1.64xlO~5kg and 0.8mm radius, travelling at 300m/s with energy 
of 0.74J, was impacted into the Ti alloy specimen. ABAQUS was used to 
simulate the impacts. It was noted that impacts near the leading edge of the 
specimen produced a crack running from the edge of the specimen into the 
centre. Also, the thicker the specimen tested, the greater its resistance to 
cracking. Due to the large scatter of fatigue data produced, only a rough 
correlation between the fatigue strength and the crack size was found, and it was 
also shown that the fatigue strength is a function of the thickness of the material 
tested. Additionally, it was postulated that the particle energy has a critical 
influence on fatigue strength. Predictions of impact crater size were found to be 
made and were within 10% of experimental results. No other experimental 
observations were made.
Another study by Ruschau et al. (2001) focussed on the influence of high-speed, 
glass bead impacts on the fatigue strength of simulated airfoil samples, that were 
made of titanium alloy (T1-6A1-4V). The glass beads were fired at the samples at 
a velocity of 305m/s and at varying impact angles of between 0 and 60 degrees. 
At an impact angle normal to the specimen (0 degrees), compressive residual 
stresses are located in the region surrounding the impact and residual tensile 
stresses are located beneath the impact site. However, no F.E.A. was carried out 
to verify these claims. A large degree of scatter in the results makes it difficult to 
show trends, but fatigue strength was found to decrease as the impact angle 
increased. The thickness of samples tested does not appear to affect the fatigue 
strength after impact; however, it was noted that the deeper the impact crater, the 
lower the fatigue strength.
A finite element analysis by Boyce et al. (2001) on the residual stress distribution 
associated with a spherical hard body impact, was modelled. The two- 
dimensional, axi-symmetric, elastic-perfectly-plastic model used a high impact 
velocity of 300m/s, but a low impact energy, around 6.1J. The model ignored
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time dependant effects such as strain rate sensitivity. It showed that compressive 
stresses are formed in a large area directly beneath the crater and that the most 
intense stress is located half a crater radius below the crater floor. Also, tensile 
stresses were to be found at the surface immediately outside the crater rim, with 
the maximum tensile stresses located one crater radius away from the crater. 
There was a large discrepancy found between the numerical results and 
experimental measurements taken. More recent experimental studies by Boyce et 
al. (2003) with titanium alloy blades that had been subjected to impacts by 
hardened Cr steel spheres, of 0.5mm and 1.6mm radius at velocities between 
200m/s and 300m/s, and loads of 9kN to 22kN, were modelled using ABAQUS 
to visualise the residual stresses within the sample. It was found that the lower 
the velocity of impact, the greater the fatigue strength.
The fatigue strength of the leading edges of titanium blades that had been 
impacted with glass beads was found by Martinez et al. (2002). Glass beads of 
0.5mm radius were impacted into TiAl alloy samples at a velocity of 305m/s, at 
angles of between 0 and 30 degrees. The samples were diamond in cross- 
section. Impacted specimens show a reduction in fatigue strength of between 
10% and 15%, regardless of the depth of impact produced. Also, there was 
found to be a reduction in fatigue strength when the impact angle was 30 degrees 
compared to 0 degrees. However, as only 26 specimens were tested, no clear 
correlation was found between either notch depth or leading edge thickness and 
fatigue strength.
Foreign object damage was simulated by firing small radius (0.5mm and 1.6mm) 
steel spheres at high a velocity of between 200m/s and 300m/s, at a flat specimen 
of titanium alloy, at angles of between 0 degrees and 30 degrees, by Peters et al. 
(2002). ABAQUS was used to determine the residual stresses for the varying 
angles of impact. It was found that the angle of impact had no effect on the 
residual stresses and that the larger diameter sphere caused a greater reduction in 
fatigue strength. It was postulated that the damage was due to stress 
concentration, micro crack formation, impact-induced plasticity and tensile
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residual stresses around the indent. Fatigue crack growth initiated not only at the 
impact site but also at locations far from the impact site, in regions of high tensile 
residual stress.
Further research was carried out by Chen (2005) to produce a more realistic 
F.O.D. simulation on the leading edge of turbine blades, with the use of a three- 
dimensional numerical model developed using ABAQUS. The model was 
produced to simulate a 2mm radius steel sphere impacting Ti-6Al-4V thin sheet 
at 300m/s. From the numerical results, it was noted that the stress concentration 
is a maximum at the crater base and is believed to be responsible for fatigue 
cracking. Residual tensile stress is likely to promote fatigue cracking at the 
bulge tip and outside the indent where the stress concentration effect is absent. 
Also, beneath the crater, micro structural damage such as micro-cracks and shear 
bands, provide a potential site for fatigue cracks to nucleate under high-cycle 
fatigue loading.
Oakley el al. (2007) carried out research to enable predictions to be made on the 
residual fatigue life of aircraft engine blades after F.O.D., by using an elastic 
predictive approach based on the arrest of short cracks propagating from a notch. 
In the experimental work, specimens of Ti-6Al-4V alloy were impacted with 
3.2mm cubes of hardened steel, which were fired at a velocity of 180m/s using a 
gas gun at an impact angle of 135 degrees. In order to determine the residual 
stresses around the impact area, an X-ray diffraction technique was used. Oakley 
reported that compressive stresses were found beneath the impact damage. It 
was also noted that provided the residual stresses were accounted for when 
predicting the fatigue life of the samples, then the experimental fatigue results 
were in good agreement with the predicted fatigue results. Due to the fact that a 
gas gun was used to fire the projectiles, it would not be possible to achieve 
consistency on the location of impact on the specimen.
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Further research in this area was carried out by Duo et al (2007). Ti-6Al-4V 
specimens were impacted with cubes (properties unknown) using a gas gun and 
the residual stresses produced due to impact were measured with a Bruker D8 X- 
ray diffractometer. These results were then compared with numerical results 
from previous research undertaken using the LS-DYNA software package. The 
X-ray results highlighted that there was a compressive residual stress in the area 
of the impact. However, the three-dimensional model was unable to verify this 
as the model was only able to show stresses on the front impact side. The F.E. 
results predicted higher stress values than the experimental results, in some cases 
up to twice the value, which may have been due to differences in material 
properties.
To date, research into the foreign object damage of aircraft structures has shown 
that a single impact can have a detrimental effect on fatigue life. It was also 
noted that residual stresses have been found outside the impact area, which may 
have an effect on the fatigue life of a component. Additionally, the research 
mainly involves high speed, low energy impacts, with small spherical impactors. 
To date there has been no link made to determine how the size of an indenter will 
affect the fatigue life of a component.
2.3.5 Failure of Boat Propeller Blades in Ice
Propeller ice-impacts occur frequently on ships that navigate in ice. The impact 
process raises a strength issue for propeller design and many papers have been 
published that investigate the propeller response to ice interaction pressures, 
mainly using the finite element method.
Work has been carried out by Bulat et al (1985), to determine whether scale 
models of propellers can accurately determine the response of an actual propeller 
in ice. It was found that the majority of results obtained for both thrust and
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torque, were accurate. Synthetic ice was also compared with saline ice and was 
found to produce the same forces and deformed in similar ways.
Chernuka et al. (1989) applied a finite element model to the ice block as well as 
the propeller blades. Several different propeller geometries were tested, such as 
rectangular, wedge, circular and elliptical shapes, the results of which showed 
that pressure distribution is dependant on the indenter shape. The model 
produced was able to accurately predict pressures when compared with actual 
indentation tests.
A further propeller ice contact model was produced by Soininen (1998), which 
looks at the pressure distributions on the ice and propeller blade. However, this 
paper concentrates more on the pressures and destruction of the ice rather than 
the effect of impact on the propeller blade.
Research was also conducted by Veitch et al. (1993), into the ice blockage affect 
on propellers. The forces on propeller blades due to an ice blockage are 
considered, with the opportunity to develop optimum blade designs to minimise 
the blockage. This area was later developed by Veitch (1994) to see how 
different shaped propeller blades impact with ice, with the main emphasis on the 
forces and damage of the ice.
Previous research, which has used numerical modelling to determine the effect of 
propeller blades impacting ice, has not considered the possibility of any water 
surrounding the ice, the flow of the ice due to the action of the propeller and the 
angle of approach of the ice to the propeller blade. To date, the effect of the 
impact on the fatigue life of the propeller blade has not been considered.
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2.3.6 Failure of Ice-Axes
Due to an increase in the popularity of ice climbing, numerous investigations 
have been carried out into the failures of ice-axes. The research carried out by 
Haake et al. (1997) investigated the dynamic stresses experienced by an ice-axe 
in normal usage. Photoelastic images were used to try to show evidence of the 
stress waves and impact; however, this was inconclusive. It was noted that it 
could be possible to strengthen the axe by widening the pick face and also the 
addition of teeth, which would reduce the second moment of area and, 
consequently, increase the stress in the axe.
Further research was carried out by Gordon et al. (2006), using F.E.A. to 
investigate the possible cause of fatigue failure in ice-axes. A two-dimensional, 
plane stress, bi-linear model with isotropic hardening was developed using 
ANSYS V9, to simulate the steel (EN24) pick striking a thin layer of ice 
covering granite rock. The pick was modelled as impacting the semi-rigid 
surface with a velocity of 9m/s and striking at an angle to the tip of 20 degrees. 
The weight of the pick was 0.7kg with an impact force of 9.8kN. From the 
model, it was noted that the time of impact was 0.64ms and the kinetic energy on 
impact was 28.35J. The rebound velocity was found to be 3.8m/s and the energy 
absorbed by the pick on impact was 23.31J. These results were compared to 
those found by Haake et al. (1997) and it was noted that the impacted energy was 
slightly less than that used in the earlier study. Tensile residual stresses were 
found at the root of a number of the teeth, which could possibly cause a fatigue 
crack to develop, and also a line of high tensile stress just below the top of the 
pick was shown. The presence of residual stresses outside the area of impact is 
in agreement with research carried out by Peters et al. (2002), where it was noted 
that spherical impacts on a specimen of aluminium alloy produced tensile 
residual stresses at a distance from the impact site.
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The research into the failure of ice axes, and the dynamic stresses which result 
due to impact with the ice, could be linked with the research into propeller blade 
impacts on ice, which has not considered the effect of the impact on the fatigue 
life of the propeller blade.
The current research shows that when an impact takes place, the resulting 
residual stresses are not always located exclusively in the area of impact and it is 
possible that residual stresses will be found remote of the impact site.
2.3.7 Failure of Reed Valves
Many of the reed valve failures in refrigeration systems are due to impact fatigue. 
The fatigue originates as surface damage on the reed valve contact surface, 
which has resulted from impact or twisting of the reed valve. It was reported by 
Glaeser (1999) that the reed must be free from surface defects, such as dents and 
scratches, to minimise fatigue. A rough valve seat can also cause stress-raising 
dents in the reed during impact. Bending of the reed should also be minimised 
during this process. Extensive work has been carried out into reed valve design 
to reduce the damage factors that can occur, such as reed overshoot during 
opening, valve flutter and excessive pressure differentials across the valves. It 
has been concluded that reeds should be tumbled to reduce sharp edges and shot 
peening used to improve resistance against fatigue.
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2.4 Deficiencies in Previous Research
Research to date has shown that impacts on a component can have significantly 
different effects on its fatigue life. Overall, previous research into components 
which have been shot peened show an increase in fatigue life. However, 
research into foreign object damage of aircraft structures has shown that a single 
impact can have a detrimental effect on fatigue life. This may be due to the fact 
that shot peening uses small spherical impactors that are fired at a high velocity, 
whereas Foreign Object Damage (F.O.D.) mainly uses larger impactors and a 
lower velocity. Thus far, the effect of the size of indenter and impact energy on 
the fatigue life of the component has not been determined.
Previous finite element analysis has centred around two-dimensional, axi- 
symmetric models, which ignore time dependant effects and assume the material 
to be elastic-perfectly-plastic. The current research aims to determine both 
experimentally and with the use of a three-dimensional numerical model, how 
the size of an indenter will affect the fatigue life of a specimen. Low speed, high 
energy impacts will be considered in the investigation. The transient dynamic 
finite element model, which will consider time dependent effects, will be used to 
show the residual stresses in specimens after a single impact and also any effect 
on the properties and geometry on the periphery of the specimens.
By determining the effect of the size of indenter on the fatigue life of the 
component and consequently highlighting sizes of indenter which could prove 
either detrimental or beneficial to the component, the outcomes of the study 
could be used in many engineering applications; such as shot peening, aircraft 
structures and components, boat propellers, car body panels and parts, and 
numerous other applications in which a metal structure or component may be 
subjected to an impact.
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Chapter 3: EXPERIMENTAL METHODOLOGY
This chapter will describe the experimental apparatus, the single impact and 
fatigue tests undertaken, and will also detail the materials used and methodology 
followed.
3.1 Specimens
The specimens used in the experimental programme were made from two 
different types of cold-rolled, mild steel strip. Preliminary tests were carried out 
on the first material, Bending Quality Bright Steel (BS1449), in order to 
determine the validity of measurements taken. The second material tested was 
'070M20' Carbon Steel (BS970). Figures 3.1 and 3.2 show the size and shape of 
the specimens used in testing.
The materials were chosen as they are both types of mild steel that are not only 
easily obtainable but also widely used for many engineering components. It was 
important that the materials tested were cold rolled, as the cold working of metals 
is frequently used in the finishing stage of production to achieve a smooth finish. 
When a metal is cold worked, the lattice crystal structure is deformed and the 
grains are elongated in the direction the material is being rolled. Consequently, 
the surface of the metal becomes harder and smoother, and the ductility is 
lessened. The resulting hardness is due to the residual compressive stresses 
produced by the pressure of the rollers on the surface of the metal. If a light 
roller pressure is applied a shallow layer of residual compressive stress will occur 
on the surface of the metal, with small residual tensile stresses induced in the 
core. However, if a high roller pressure is applied a deep layer of residual 
compressive stresses will occur on the surface of the metal, with large residual 
tensile stresses in the core, which can lead to subsurface fatigue cracks.
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The size, shape, preparation and surface finish of all specimens were in 
accordance with BS3518-3:1963 Methods of Fatigue Testing - Part 3: Direct 
stress fatigue tests.
50 so 50
Figure 3.1: Dimensions (in mm) of a typical specimen
Figure 3.2: Polished specimen
The specimens were first ground and then hand polished with 600 grit silicon 
carbide paper, so that the finished test piece had a surface texture, measured as 
the Centre Line Average (CLA), of no greater than 5^m. As recommended in 
BS3518-3, the polishing was carried out in both transverse and longitudinal 
directions, with the direction of final polishing in the longitudinal direction. The 
preparation of the specimen was very important because the free surface of a 
specimen, or component, is a common site for the nucleation of fatigue cracks. 
Therefore, the way the surface is prepared during manufacture has a significant
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effect on the initiation of cracks and, consequently, the fatigue life of the 
component. As well as the surface roughness, residual stresses may be induced 
in the surface layer by the manufacturing process. If these stresses are tensile 
they can have a detrimental effect on fatigue life and polishing helps to reduce 
these stresses.
Using a Talysurf 5-20 Taylor-Hobson machine, which is shown in Figure 3.3, the 
surface texture both before and after polishing was measured, with each value 
recorded being the average of three readings taken at random places on the 
transverse surface of the specimen. From every batch of six polished specimens, 
one specimen was chosen at random to test the surface texture. The width and 
thickness of the specimen were also recorded to ensure that all specimens had 
been consistently manufactured. Following the measurements, the tested 
specimen was discarded as the surface became heavily marked by the Talysurf s 
stylus arm, which could have resulted in the initiation of surface cracks and thus 
would have had a detrimental effect on fatigue life.
It was noted that the tests carried out in the experimental programme had no 
effect on the surface texture, and it was therefore decided that the surface texture 
could be determined for every specimen after tests were completed, to ensure 
that they meet the requirements previously mentioned. At all stages of the 
experimental programme the polished specimens were handled using latex 
gloves, in order to prevent scratching and corrosion due to skin oils.
Tensile tests were carried out on the two mild steels to determine the material 
properties, which would be used as initial conditions for the numerical model and 
also would enable a suitable load to be determined for fatigue tests, that would be 
below the yield point. Nine specimens from each batch of material were 
produced as detailed in Figure 3.4 and then tensile tested using a Hounsfield 
H20K-W Tensometer, as shown in Figure 3.5.
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Figure 3.3: Talysurf 5-20 Taylor-Hobson machine
20 _____40 40__________20
Figure 3.4: Dimensions (in mm) of tensile test specimen
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Figure 3.5: Hounsfield H20K-W Tensometer
It was important to determine the hardness of each specimen at the end of the 
experimental work. The term "hardness" [of a material] can refer to the 
resistance to indentation, abrasion, machining or scratching, (Bailey, 1964). The 
hardness of a material is found to be related to both the yield strength and the 
tensile strength of the material. Rockwell hardness tests, first introduced by 
Rockwell in 1922, were carried out using a Wilson Rockwell Hardness Tester, as 
shown in Figure 3.6. The Rockwell hardness number is a measure of the depth 
of penetration of a standard indenter. There are nine scales of hardness which 
could be used in this test; the most common scale used is scale 'C'. In scale 'C', 
a minor load of 98.IN (or lOkgf) is applied to a 120 degrees diamond cone 
indenter, the dial indicator set to zero and the load is then increased to 1471.5N 
(or 150kgf). Once the load has been applied and the dial indicator has settled, 
the load is removed and the hardness value can be read off the dial indicator. 
Testing the hardness of the specimens made it possible to ascertain whether any 
work-softening or work-hardening of the material had taken place during the
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fatigue test. It is also necessary to ensure the consistency of the material tested, 
as a change in the hardness of the material due to manufacturing and finishing 
processes would cause a spread of results.
Figure 3.6: Wilson Rockwell Hardness Tester
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3.2 Impact Rig
The manufacturing drawings for the impact rig designed by the candidate can be 
found in Appendix 1. The impact rig was made primarily from mild steel 
sections. However, the back plate, which the specimen was held against during 
impact, was made from polished, hardened gauge steel; this was to ensure that 
the specimen remained flat during the impact and helped to eliminate surface 
damage to the specimen.
The single row, deep groove ball bearings used on the impactor arm axle were 
chosen because they could withstand the dynamic loading produced by the 
impact, and also allow free movement of the impactor arm. Figure 3.7 shows the 
manufactured impact rig.
Figure 3.7: Impact rig
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The impactor hammer head was held at the specified angle for impact by the use 
of a Stephenson Gobin Magnet Type 58 electromagnet, as shown in Figure 3.8. 
When the power supply to the electromagnet was switched off, the impactor 
hammer head was released and fell freely.
To ensure the specimen was placed safely in the holder on the impact rig, a 
safety bar was used in conjunction with the electromagnet. The bar could then 
be removed before the test started and when the electromagnet was switched off, 
the impact of the specimen took place.
Figure 3.8: Stephenson Gobin Magnet Type 58 electromagnet
3.3 Impactor Hammer Heads
The impactor hammer heads consisted of hardened, silver steel (BS1407), 
hammer heads which located into a base/holder of stainless steel. The silver steel 
hammer heads were hardened to ensure that the surface had a greater hardness 
than the surface of the specimen. If the hammer head had a hardness value
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which was the same or lower than the hardness value of the specimen, the 
hammer head would deform on impact and repeat tests would become 
inconsistent. Also, less impact energy would be dissipated into the specimen, as 
some energy would be used in the deformation of the hammer head. Hardness 
tests were carried out using a Wilson Rockwell Hardness Tester, (Figure 3.6).
The hammer heads were manufactured to the required dimensions, as illustrated 
in Figure 3.9. They were then heated to 800°C and held at that temperature for 
60 minutes. The final step in the hardening process was to rapidly quench the 
hammer heads to 300°C in oil; this transformed the austenite structure on the 
surface of the hammer head to martensite, which is the hardest structure in steel. 
The hammer heads were then allowed to cool in air to room temperature.
20 20 20 20
Figure 3.9: Dimensions (in mm) of impactor hammer heads
Tensile tests using the Hounsfield H20K-W Tensometer and Extensometer were 
carried out on eleven sample specimens of the hardened, silver steel used to 
make the hammer heads. The tensile test specimens produced were 5.05mm 
diameter and 25.5 mm long, as shown in Figure 3.10.
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Figure 3.10: Silver steel before hardening process (top of picture) and hardened 
silver steel (bottom of picture) tensile test specimens
To investigate what effect the size of an impacting object has on the fatigue life 
of a specimen, the hammer heads were produced in five sizes; 10mm, llmm, 
12mm, 18mm and 40mm radii. A selection of impactor hammer heads is shown 
in Figure 3.11. The 10mm and 40mm radii hammer heads were chosen to 
provide a considerable difference in the surface area of the head that would be in 
contact with the deformed specimen during impact. The 12mm radius hammer 
head was chosen because it was calculated to produce a contact surface area 
which is double that produced by the 10mm hammer head and half that produced 
by the 40mm hammer head. The llmm and 18mm radius hammer heads 
produce a contact surface area which is equidistant between the contact areas 
produced by the 10mm and 12mm, and the 12mm and 40mm impact hammer 
heads respectively.
The impactor hammer heads were designed so that they all have the same mass 
and the same length, 48.6 grams and 42mm respectively. This was to ensure that 
they impacted the specimen not only with the same energy and velocity, but also 
in the same position. An impactor hammer head in position before an impact test
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is shown in Figure 3.12, and a specimen which has been subjected to a single 
impact is shown in Figure 3.13.
In order to determine whether it was possible to use the experimental results 
obtained for the five sizes of impactor heads to calculate experimental results for 
different sized impactor heads, a 25mm radius impactor hammer head was 
produced and tested so that a comparison could be made between the calculated 
and the experimental results.
Figure 3.11: Selection of the impactor hammer heads (left to right: 10mm,
12mm and 40mm radii)
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Figure 3.12: Impactor hammer head on impact rig
Figure 3.13: A specimen subjected to a single impact using the 10mm radius
impactor hammer head
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3.4 Depth and Width of Impact Crater
From every batch of thirteen specimens that were impacted using the same size 
impactor hammer head, one specimen was chosen at random to measure the 
depth and width of the impact crater produced.
Using a 'Metallux 2' microscope, as shown in Figure 3.14, the width of impact 
crater that had been produced by the different size impactor hammer heads was 
measured.
Figure 3.14: A 'Metallux 2' microscope
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The depth of the impact crater produced was measured using a 'Mitutoyo 
Absolute 1D-F125E' linear variable displacement transducer, as shown in Figure 
3.15. This specimen was then discarded, as the surface became heavily marked 
by the transducer and was unable to be used in any further testing.
Figure 3.15: A 'Mitutoyo Absolute 1D-F125E' linear variable displacement
transducer
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3.5 Velocity and Energy of Impact
The height and angle of the impact arm can be easily adjusted but remained in a 
fixed position for the initial part of the research programme. This was to ensure 
that the position, velocity and input energy for each impact was consistent 
throughout each section of the experimental programme. The mass of the 
impactor hammer head is 3.52kg.
3.5.1 Material 1 - Bending Quality Bright Steel
For the single impacts on the bending quality bright steel specimens, the height 
of the impact arm was set to 0.5m, at an angle of 105 degrees. From 
conservation of energy calculations, the potential energy possessed by the 
impactor was determined to be 17.27J and the velocity of impact 3.13m/s. The 
velocity will be verified using the instrumentation on the impact rig, as detailed 
in Section 3.6.
3.5.2 Material 2 - '070M20' Carbon Steel
With the second material, '070M20' Carbon Steel, the height of the impact arm 
was set to 0.41m, at an angle of 90 degrees. The height of the impact arm was 
altered from that used for the first batch of material (the Bending Quality Bright 
Steel), as it was found that the initial impact energy was too high for the material, 
which resulted in a slight bending in the specimens after impact. The fatigue 
tests on the specimens, which were carried out after impact, were performed on 
an axial loading machine, and so it was important that the specimens were not 
laterally deformed, as any bending would result in the specimen not being 
uniformly stressed and would cause specimens to buckle during the fatigue tests. 
From conservation of energy calculations, the potential energy possessed by the 
impactor was determined to be 14.16J and the velocity of impact 2.84m/s. The
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velocity will be verified using the instrumentation on the impact rig, as detailed 
in Section 3.6.
3.6 Instrumentation
In order that the numerical model produced realistic results, it was important to 
define parameters such as the time of the impact, which can be determined using 
an accelerometer. The acceleration of the impactor hammer head was measured 
by the Bruel and Kjaer accelerometer type 4344 (resolution of ±5%), which was 
located on the impact rig behind the specimen. It was possible to analyse the 
accelerometer data produced to determine the contact time of impact.
One of the results produced by the numerical model was the exit velocity of the 
impact and in order to determine the accuracy of these results, it was necessary to 
measure the actual exit velocity of the impact. It was possible to do this and also 
measure the actual entry velocity of the impact, with the use of a potentiometer 
(Penny and Giles Industrial Angular Position Sensor 762, which is a hybrid track, 
industrial sensor with a 355° electrical angle). The voltage change measured by 
the potentiometer can be used to calculate the angular distance travelled by the 
impactor arm. This angular distance can then be used to calculate both the entry 
and exit velocity of the impact. The calculations performed using the 
potentiometer results are discussed further in Chapter 4.2.2 and the potentiometer 
used on the impact rig is shown in Figure 3.16.
Additionally, the values for the entry velocity of the impact can be used to 
calculate the energy of the impact and the values of the exit velocity can be used 
to determine the energy absorbed during impact.
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Figure 3.16: Potentiometer - Penny and Giles Industrial Angular Position
Sensor 762
3.7 Fatigue Testing
The Instron FastTrack 8502 Axial Torsion floor model, shown in Figure 3.17, 
was used to carry out the fatigue tests on the specimens. From guidelines set out 
in BS35J8-1:1993 Methods of Fatigue Testing - Part 1: Guide to General 
Principles, it was decided that twelve specimens should be used for each test. In 
the initial section of the experimental programme it was necessary to obtain 
control data for the fatigue tests. Specimens were located in the Instron's 
hydraulic jaws, with the use of spacers to ensure consistency in the span between 
the jaws and, thus, the length of specimen being loaded during the fatigue tests. 
A control specimen under fatigue test is shown in Figures 3.18 and 3.19. A 
control specimen which has fractured after being subjected to fatigue testing is 
shown in Figure 3.20. The experimental procedure followed for the initial 
fatigue tests was then repeated for specimens that had been subjected to a single
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impact using one of the specified impactor hammer heads. Twelve specimens 
were impacted, and fatigue tests carried out, for each of the five impactor 
hammer heads. A specimen subjected to a single impact and then fatigue tested 
to failure is shown in Figure 3.21. The data obtained from all of the fatigue tests 
can then be plotted on an S-N diagram and comparisons made.
Figure 3.17: Instron FastTrack 8502 Axial Torsion floor model
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Figure 3.18: Control specimen under fatigue test
Figure 3.19: Control specimen under fatigue test (enlarged)
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Figure 3.20: Control specimen subjected to fatigue test
Figure 3.21: An impacted specimen subjected to fatigue test
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3.8 Summary of Experimental Methodology
A summary of the parameters measured, the equipment and reasons for the 
measurements taken, are shown in Table 3.1.
Parameter Measured
Exit Velocity of Impact
Impact Contact Time
Depth of Impact Crater
Width of Impact Crater
Material properties 
(tensile tests)









(Penny and Giles 1APS 762)
Accelerometer 
(Bruel and Kjaer type 4344)













Surface texture measurer 
(Talysurf 5-20 Taylor-Hobson)
Rockwell hardness tester (Wilson)
Potentiometer 
(Penny and Giles IAPS 762)
Potentiometer 









For analysis of 
fatigue results.
Table 3.1: Summary of experimental methodology
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Chapter 4: EXPERIMENTAL RESULTS
This chapter will present both the experimental results obtained and the 
observations made during the experimental programme for all material, impact 
and fatigue tests carried out and, where appropriate, a discussion on how these 
results were interpreted and the possible factors that may have influenced them.
Please note that results which were deemed invalid due to experimental or human 
error will be shown as a blank result. A summary of the parameters measured, 
together with the equipment used including calibration information and possible 
errors, can be found in Appendix 2.
4.1 Impactor Hammer Head Material Properties
Tensile tests to determine the Young's Modulus of the hardened, silver steel that 
was used to make the hammer heads were carried out using the Hounsfield 
H20K-W Tensometer and Extensometer, on eleven sample specimens. The 
results are presented in Table 4.1. The average Young's Modulus of the 
hardened, silver steel was found to be 202.227GN/m2 (SD 5.901), which was 
used as a set-up parameter for the impactor hammer head in the numerical 
models.
The stress/strain graph obtained for specimen number three is shown in Figure 
4.1. The non-linearity of the graph up to 30.1MN/m2 is due to the slack in the 
load train at the start of the test.
The hardness of the material was found to be 59 Rockwell C (SD 2) which is 
equivalent to 741 DPN. The hardness results are presented in Table 4.2. These 
results were necessary to make certain that the impactor hammer heads were 
harder than that of the specimens; this was to ensure that no deformation of the
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impactor hammer head occurred on impact for the repeatability of impact tests, 





























Table 4.1: Young's Modulus results for hardened silver steel
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Figure 4.1: Hardened silver steel specimen stress/strain graph
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Table 4.2: Hardness results for hardened silver steel
4.2 Specimen Material 1 - Bending Quality Bright Steel
Preliminary tests were carried out on bending quality bright steel specimens, in 
order to verify both the experimental test procedures used and the results 
obtained. Initially, tensile tests using the Hounsfield H20K-W Tensometer and 
Extensometer were carried out on seven sample specimens of the bending quality 
bright steel that was used to make the specimens, in order to determine both the 
Young's Modulus and yield stress of the material. These tests were conducted at 
a rate of 2mm per minute. It is important to identify the rate of straining, as this 
will alter the structure and properties of a material that is strain rate dependant. 
A high strain rate will decrease the materials ductility whilst increasing its 
hardness and strength. A low strain rate will increase the materials ductility and 
decrease its hardness and strength.
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The results are presented in Table 4.3. The average Young's Modulus was found 
to be 194.136GN/m2 (SD 13.706) and the average yield stress 372.29MN/m2 (SD 
37.99). These values have been used as set-up parameters for the specimen in 
the numerical model. The stress/strain graphs obtained for specimen number 
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Figure 4.2: Bending quality bright steel specimen stress/strain graph (1)
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Figure 4.3: Bending quality bright steel specimen stress/strain graph (2) linear 
section only to determine Young's Modulus
Fatigue tests were carried out on the test specimens, shown in Figure 3.1, of 
bending quality bright steel, at a sinusoidal load of ±16kN, equivalent to a stress 
of 381MN/m2 , at 2 cycles a second, or 2Hz. This load was chosen so that the 
specimen would fail in fatigue whilst ensuring that the load would remain within 
the elastic limit of the material. The fatigue load of 16kN was calculated by 
using the yield stress obtained from the tensile tests together with the cross- 
sectional area of the specimen which was calculated from the design dimensions 
to be 42mm2 .
The failure stress for each specimen to be fatigue tested was then calculated 
using the fatigue load of 16kN and the actual cross-sectional area of the 
specimens, which was measured to be approximately 41mm2 . The control 
specimen dimensions and calculated failure stresses are shown in Table 4.4. The 
failure stresses calculated are very close to the yield stress of the material, this is 
probably due to the experimental errors that occur when measuring the 
dimensions of the specimens and calculating the yield stress. Accurate 
measurement of the specimens' dimensions proved difficult using digital
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callipers, as it was important not to mark the surface of the specimens in any way 
as this may cause marking that might result in the initiation of surface cracks and 






















































































































































































Table 4.4: Initial control specimen dimensions and failure stresses
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Using a Talysurf 5-20 Taylor-Hobson machine, the surface texture, measured as 
the Centre Line Average (CLA) of the specimens after polishing was found to be 
0.112nm (SD 0.006). This was achieved by taking three readings at random 
places on the surface of the specimen and an average calculated, as shown in 
Table 4.5. The surface texture results of the control specimens after fatigue 
testing are shown in Table 4.6. It can be seen that the average surface texture, 
measured as the CLA is 0.2 lum (SD 0.061). This value was found to be slightly 
higher than the specimens which were not fatigue tested, but it is still less than 













Table 4.5: Surface texture results for bending quality bright steel prior to testing
Shown in Table 4.7 and Figure 4.4 are the fatigue test results for the initial 
control tests and it can be seen that the average number of cycles to failure is 
66,530 cycles (SD 18,748). These results can be used to determine the effect of a 
single impact on the fatigue life of a specimen.
The impacted specimen dimensions and calculated failure stresses are shown in 
Table 4.8. The surface texture results of the impacted specimens are shown in 
Table 4.9. It can be seen that the average surface texture, measured as the CLA, 
is 0.215^m (SD 0.046). This value was found to be slightly higher than 
specimens which were not fatigue tested, but is still less than 5[im as 
recommended by BS3518-3. The surface texture results also indicate that there 
is no difference between the surface texture of the impacted and the control 
specimens so the surface of the specimens do not incur any surface damage 
during impact. With the equipment available it is not possible to measure the
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surface texture of the impacted area of the specimens in order to determine 








































































Table 4.6: Surface texture results for initial control specimens
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Table 4.7: Number of cycles to failure for initial control specimens
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Table 4.8: Specimen dimensions and failure stresses for specimens impacted 
with a 10mm impactor hammer head
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Table 4.9: Surface texture results for impacted specimens using a 10mm
impactor hammer head
Shown in Table 4.10 and Figure 4.5 are the fatigue test results for the impacted 
specimens. It can be seen that the average number of cycles to failure for the 
10mm impactor hammer head is 11,701 cycles (SD 4,015). These results can be 































Table 4.10: Number of cycles to failure for impacted specimens using a 10mm
impactor hammer head
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Figure 4.5: S-N Diagram for fatigue tests on bending quality bright steel with a 
single impact using a 10mm impactor hammer head
When combining the S-N diagrams for the initial fatigue control tests and the 
impact fatigue tests as shown in Figure 4.6, it can be seen that a single impact 
with a 10mm radius impactor hammer head can lower the fatigue life of the 
specimen from an average of 66,530 cycles to 11,701 cycles, which is an average 
reduction of 82.4%.
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Figure 4.6: S-N Diagram for bending quality bright steel for initial control and 
10mm impactor hammer head single impact fatigue tests
4.2.1 Hardness of Material
After fatigue testing, each specimen was hardness tested and the values 
compared to those obtained for the non-impacted control specimens, in order to 
determine whether a single impact can effect the hardness of a specimen, which 
may in turn effect its fatigue life. The hardness results for the non-impacted 
control specimens are shown in Table 4.11 and the results for the impacted 
specimens are presented in Table 4.12. Before fatigue testing the non-impacted 
control specimens, which had been tested at random places over the length of the 
specimen, were found to have an average hardness of 15 Rockwell C (SD 0.5), 
which is equivalent to 202 DPN. After fatigue testing, these specimens were 
found to have a hardness of approximately 13 Rockwell C (SD 3) or 197 DPN
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close to the fracture, but remained unchanged at other positions on the specimen 
surface. The specimens that had been subjected to a single impact were found to 
have an average hardness value of 10 Rockwell C (SD 3) or 187 DPN near to the 
shoulder of the specimen and an average hardness of 9 Rockwell C (SD 3) or 183 



































































































































































































































































Table 4.11: Hardness values of initial control specimens
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Table 4.12: Hardness values of impacted specimens subjected to a single impact 
with a 10mm impactor hammer head
4.2.2 Entry Velocity of Impact
An oscilloscope records the voltage change produced by the potentiometer 
against time, as shown in Figure 4.7. Calibration of the potentiometer showed 
that over an angle of 90 degrees there was a voltage difference recorded of 
1.11947 Volts; therefore, for every IV of voltage change recorded, the impact 
arm had moved an angular distance of 80.395 degrees. By converting the 
voltage change to represent an angular displacement, this can be plotted against 
time to produce a graph illustrating the angular displacement of the impact arm 
(radians) against time of impact (seconds). The angular resolution of the 
potentiometer is ±2 degrees, which is due to the setting up of the impact height 
on the impact rig. By analysing the initial peak on the graph it was possible to 
calculate the velocity at impact and also the velocity immediately following 
impact. The gradient of positive slope of this initial peak, just before it levels 
out, represents the angular velocity of the impact. The gradient of the negative
Suzanne L Thomas PhD Thesis, 2008 75
Chapter 4: Experimental Results
slope just after the peak levels out represents the angular velocity upon exit. The 
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Figure 4.7: Typical oscilloscope display produced by the potentiometer showing
voltage change against time
The average entry velocity of impact for the 10mm impactor hammer head is 
3.11m/s (SD 0.11); this value is the average of twelve potentiometer readings, 
which are shown in Table 4.13. This value compares well with the theoretical 
entry velocity of 3.13m/s, as calculated in Section 3.5.1. The difference between 
the values is possibly due to the inaccuracy of the angular resolution of the 
potentiometer and also frictional losses in the impact rig. The experimental entry 
velocity can be used as a set-up parameter in the numerical model.
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Table 4.13: Entry velocities for 10mm impactor hammer head
4.2.3 Exit Velocity after Impact
The average exit velocity immediately after impact for the 10mm impactor 
hammer head was 1.02m/s (SD 0.05). This value was the average of twelve 
potentiometer readings, which are shown in Table 4.14, and can be used to 
validate the results of the numerical model.
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Table 4.14: Exit velocities for lOrmn impactor hammer head
4.2.4 Coefficient of Restitution
The coefficient of restitution (COR) is represented as the ratio of the differences 
in velocities before and after collision, as shown in equation 4.1. A collision 
with a COR of 1 is a perfectly elastic collision and, conversely, a collision with a 
COR of 0 is a perfectly plastic, or inelastic, collision. By calculating the COR it 
is possible to determine whether the impact is elastic or plastic.
The average coefficient of restitution for the specimen impacts using the 10mm 
radius impactor hammer head is:
COR =
Velocity of object after impact 





COR 10mm = 0.33
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The coefficient of restitution for each of the impacted specimens is shown in 
Table 4.15. As the average COR is greater than 0 but less than 1, the impact can 
be said to be partially plastic, with some kinetic energy being transformed into 


































Table 4.15: Coefficient of restitution for 10mm impactor hammer head
4.2.5 Entry Impact Energy
The average entry energy of impact for the 10mm impactor hammer head was 
17.08J (SD 1.19). This value was the average of twelve potentiometer readings, 
which are shown in Table 4.16. This value compares well with the theoretical 
entry energy of 17.27J, as calculated in Section 3.5.1. The difference between 
the values is possibly due to the inaccuracy of the angular resolution of the 
potentiometer and frictional losses in the impact rig.
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Table 4.16: Entry impact energies for 10mm impactor hammer head
4.2.6 Exit Energy after Impact
The average exit energy after impact for the 10mm impactor hammer head was 
1.82J (SD 0.18). This value was the average of twelve potentiometer readings, 

































Table 4.17: Exit energies after impact for 10mm impactor hammer head
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4.2.7 Depth of Impact Crater
The depth of impact crater produced by the 10mm impactor hammer head was 
measured as 0.41mm using one specimen from the batch of specimens impacted. 
This result can be used to validate the numerical model.
4.2.8 Width of Impact Crater
The width of impact crater produced by the 10mm impactor hammer head was 
measured as 5.0mm using one specimen from the batch of specimens impacted. 
This result can be used to validate the numerical model.
4.2.9 Volume of Impact Crater
The volume of the impact crater produced by the 10mm impactor hammer head 
can be calculated using Equation 4.2, for the volume of a spherical cap segment, 
as shown below.
( c 2 h 2 ]Volume of a spherical segment = ;ih — + —— (4.2)
18 61
where c = width of impact 
h = depth of impact
A,, I 5 °'41Therefore, volume of impact crater (iomm) = TixO.41 ——+ —-—
8 6
= 5.23mm3
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4.2.10 Impact Contact Time
An oscilloscope records the voltage change produced by the accelerometer 
against time, as shown in Figure 4.8. The impact contact time can be measured 
by calculating the difference between the start and end time of the initial peak 
recorded by the accelerometer, as the initial peak detected is due to a voltage 
change generated by the first vibration due to impact. Subsequent pulses 
recorded are noise due to vibrations present in the impact rig as a result of the 
impact. The average impact contact time recorded by the accelerometer was 
9.53E-05 seconds (SD 4.23E-06). This value is the average of three 
accelerometer readings, as shown in Table 4.18, and can be used to validate the 
numerical model. Only three of the twelve accelerometer readings have been 
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Figure 4.8: Typical oscilloscope display produced by the accelerometer showing
voltage change against time
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Table 4.18: Impact contact times calculated from the accelerometer readings
4.3 Specimen Material 2 - '070M20' Carbon Steel
Once the experimental procedures and results from the preliminary study had 
been assessed and verified, the main study was carried out using '070M20' 
carbon steel. Initially, tensile tests using the Hounsfield H20K-W Tensometer 
and Extensometer were carried out on seven sample specimens of the '070M20' 
carbon steel used to make the specimens, the results of which are shown in Table 
4.19. These tests were carried out at rate of 2mm per minute. The average 
Young's Modulus was found to be 154.312GN/m2 (SD 12.294) and the 
corresponding average yield stress was found to be 391.93MN/m2 (SD 34.29). 
The experimental value for Young's Modulus is low in comparison with 
published theoretical values, however this is most likely due to the wide range of 
specifications for the chemical composition of this material and also the cold- 
working process during manufacture. These results can be used as set-up 
parameters for the material properties of the specimen in the numerical models.
Suzanne L Thomas PhD Thesis, 2008 83
Chapter 4: Experimental Results









































0 0.001 0.002 0.003 0.004 0.005 0.006
Strain, e
Figure 4.9: '070M20' carbon steel specimen stress/strain graph (1)
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Figure 4.10: '070M20' carbon steel specimen stress/strain graph (2) linear 
section only to determine Young's Modulus
The fatigue tests were carried out on specimens of the '070M20' carbon steel as 
shown in Figure 3.1, at a sinusoidal load of ±11.5kN, equivalent to a stress of 
273.8MN/m2, at 2Hz. This load was chosen so that the specimen would fail in 
fatigue whilst ensuring that the load would remain within the elastic limit of the 
material. The fatigue load of 11.5kN was calculated by using the yield stress 
obtained from the tensile tests along with the cross-sectional area of the specimen 
used in the fatigue tests, which was calculated from the design dimensions as 
42mm2 .
The failure stress for each specimen was calculated using the fatigue load of 
ll.SkN and the actual cross-sectional area of the specimens that were used for 
the fatigue tests, which was measured to be approximately 41mm2 . The control 
specimen dimensions and calculated failure stresses are shown in Table 4.20.
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The surface texture results of the control specimens are shown in Table 4.21. It 
can be seen that the average surface texture, measured as the CLA, is 0.148fim 
(SD 0.03).
Shown in Table 4.22 and Figure 4.11 are the fatigue test results for the initial 
control tests. It can be seen that the average number of cycles to failure is 
520,822 cycles (SD 181,054). These results can be used to determine the effect 






















































































Table 4.20: Control specimen dimensions and failure stresses
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Table 4.22: Number of cycles to failure for control specimens
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Figure 4.11: S-N Diagram for initial control fatigue tests for '070M20' carbon
steel
The impacted specimen dimensions and calculated failure stresses for all sizes of 
impactor hammer head are shown in Tables 4.23 to 4.27.
The surface texture results of the impacted specimens are shown in Tables 4.28 
to 4.32. The average surface texture, measured as the CLA, can be calculated as 
0.176u.m (SD 0.01). This value was found to be slightly higher than specimens 
which were not fatigue tested, but is still less than Sum as recommended by 
BS3518-3. The slight difference between the surface texture results of the 
impacted and control specimens also indicates that the specimens do not sustain 
any surface damage during impact.
Table 4.33 and Figure 4.12 show the fatigue test results for all of the impacted 
specimens. It can be calculated from these results that the average number of 
cycles to failure for all the impactor hammer head sizes tested is 47,455 cycles 
(SD 7,913). These results can be used to determine the effect of a single impact 
on the fatigue life of a specimen.
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Table 4.23: Specimen dimensions and failure stresses for specimens impacted 



















































































Table 4.24: Specimen dimensions and failure stresses for specimens impacted 
with 11mm impactor hammer head
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Table 4.25: Specimen dimensions and failure stresses for specimens impacted 




















































































Table 4.26: Specimen dimensions and failure stresses for specimens impacted 
with 18mm impactor hammer head
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Table 4.27: Specimen dimensions and failure stresses for specimens impacted 







































































Table 4.28: Surface texture for specimens impacted with 10mm impactor
hammer head
Suzanne L Thomas PhD Thesis, 2008 91















































































































































Table 4.30: Surface texture for specimens impacted with 12mm impactor
Ko»T»m/=*r V»^-aHham er head
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Table 4.32: Surface texture for specimens impacted with 40mm impactor
hammer head
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• 10mm Impact Radius • 11 mm Impact Radius A 12mm Impact Radius 
X 18mm Impact Radius • 40mm Impact Radius
Figure 4.12: S-N Diagram for impact fatigue tests for '070M20' carbon steel
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When combining the S-N diagrams for the initial fatigue control tests with the 
impact fatigue tests as shown in Figure 4.13, it can be seen that the action of 
impacting lowers the average fatigue life of the specimen by 90.89%. By 
comparing the standard deviations over which failure can occur for the initial 
fatigue tests as shown in Table 4.22, and the impact fatigue tests, as shown in 
Table 4.33, it can be seen that the average range of standard deviations over 
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• 1 Omm Impact Radius • 11 mm Impact Radius A 12mm Impact Radius 
X 18mm Impact Radius • 40mm Impact Radius * Control
Figure 4.13: S-N Diagram for control and impact fatigue tests for '070M20'
carbon steel
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4.3.1 Hardness of Material
After fatigue testing, each specimen was hardness tested and the values were 
compared to those obtained for the non-impacted control specimens, in order to 
determine whether a single impact can effect the hardness of a specimen, which 
may in turn effect its fatigue life. The hardness results for the control specimens 
are shown in Table 4.34, and for the impacted specimens are shown in Tables 
4.35 to 4.39. Before fatigue testing, the specimens, which had been tested at 
random places, were found to have an average hardness of 2.5 Rockwell C (SD 
5), which is equivalent to 161 DPN. After fatigue testing the control specimens 
were found to have an average hardness of approximately 0.2 Rockwell C (SD 
3.6) or 154 DPN close to the fracture and -2.0 Rockwell C (SD 4.6) or 146 DPN 
near the shoulder of the specimen. The impacted specimens were found to have 
an average hardness of approximately 2.0 Rockwell C (SD 3.6) or 159 DPN 

































































































































Table 4.34: Hardness values of initial control specimens
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Table 4.36: Hardness values of specimens impacted with 11mm impactor
hammer head
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Table 4.38: Hardness values of specimens impacted with 18mm impactor
hammer head
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Table 4.39: Hardness values of specimens impacted with 40mm impactor
hammer head
4.3.2 Entry Velocity of Impact
The entry velocities for the impactor hammer head sizes tested are shown in 
Table 4.40 and also on the graph in Figure 4.14 and were calculated as 
previously described in Section 4.2.2. These values compare well with the 
theoretical entry velocity of 2.84m/s, as calculated in Section 3.5.2. The 
difference between the values was possibly due to the inaccuracy of the angular 
resolution of the potentiometer and frictional losses in the impact rig. The 
average entry velocity was 2.66m/s (SD 0.02); the slight deviation from the mean 
demonstrates the consistency of impacts produced using the impact rig. The 
graph has a straight trend line showing that for any impactor hammer head size 
between 10mm and 40mm, the entry velocity is 2.66m/s. This value can be used 
as set-up parameter for the velocity of impact in the numerical model.
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Table 4.40: Entry velocities for specimens subjected to a single impact
J.J
3 -
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Figure 4.14: Entry impact velocity against impactor hammer head radius
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4.3.3 Exit Velocity after Impact
The exit velocities for all of the impactor hammer head sizes are shown in Table 
4.41 and on the graph in Figure 4.15. The exit velocity was shown to increase 
with the impactor hammer head size, indicating that less energy is absorbed by 
the specimen on impact. The trend line of the graph is logarithmic and can be 
used to predict the exit velocity for any impactor head radius between 10mm and 
40mm, with a correlation of 96.02%. The results for exit velocity can be used to 









































































































Table 4.41: Exit velocities for specimens subjected to a single impact
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0 10 20 30 40 
Impactor Hammer Head Radius (mm)
Figure 4.15: Exit velocity after impact against impactor hammer head radius
50
4.3.4 Coefficient of Restitution
The coefficient of restitution for specimens impacted with the various sizes of 
impactor hammer head is calculated using equation 4.1. An example of the 




COR 10mm = 0.29
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Table 4.42: Coefficient of restitution of specimens subjected to a single impact
The COR for all specimen impacts using the different impactor hammer head 
sizes are shown in Table 4.42. The impact can be said to be partially plastic, 
with some kinetic energy being transformed into the deformation of material, 
sound and possibly other forms of energy, such as heat. The trend line of the 
graph, shown in Figure 4.16, is logarithmic and can be used to predict the 
coefficient of restitution for any impactor hammer head radius between 10mm 
and 40mm for the impact rig under the same conditions, with a correlation of 
99.05%.
















y = 0.07271n(x) + 0.1338
R2 = 0.9905
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Figure 4.16: Coefficient of restitution against impactor hammer head radius
4.3.5 Entry Impact Energy
The entry energies for all the impactor hammer head sizes tested are shown in 
Table 4.43 and on the graph in Figure 4.17. These values compare well with the 
theoretical entry energy of 14.16J, as calculated in Section 3.5.2. The difference 
between the values is possibly due to inaccuracies in the potentiometer readings 
and frictional losses in the impact rig. The graph has a linear trend line, as the 
velocity values used when calculating the entry impact energy are very close, 
showing that for any size of impactor hammer head with a radius between 10mm 
and 40mm, the entry energy imparted on the specimen will be approximately 
12.46J (SD 0.16). This value can be used in the analysis of experimental work 
which will determine the effect of impact energy on the fatigue life of a 
specimen.
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Figure 4.17: Entry impact energy against impactor hammer head radius
50
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4.3.6 Exit Energy after Impact
The exit energy for all impactor hammer head sizes tested is shown in Table 4.44 
and Figure 4.18. The exit energy was shown to increase with the impactor 
hammer head size, indicating that as the size of impactor hammer head increases 
less energy is absorbed by the specimen on impact. The trend line of the graph is 
logarithmic and can be used to predict the exit energy for any impactor head 









































































































Table 4.44: Exit energies after impact for specimens subjected to a single impact
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Figure 4.18: Exit energy after impact against impactor hammer head radius
4.3.7 Depth of Impact Crater
The depths of craters produced for the different impactor hammer head sizes 
tested are shown in Table 4.45 and on the graph in Figure 4.19. These values can 
be used to validate the results produced by the numerical models. The depth of 
crater produced was shown to decrease with a corresponding increase in 
impactor hammer head size. The trend line of the graph can be used to predict 
the depth of crater produced for any impactor hammer head radius between 
10mm and 40mm.
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Table 4.45: Depth of impact craters of specimens subjected to a single impact
0 10 20 30 40 
Impactor Hammer Head Radius (mm)
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Figure 4.19: Depth of impact crater against impactor hammer head radius
4.3.8 Width of Impact Crater
The width of craters produced for the various impactor hammer head sizes tested 
are shown in Table 4.46 and on the graph in Figure 4.20. These values can be 
used to validate the results produced by the numerical models. The crater width 
produced was shown to increase with a corresponding increase in impactor 
hammer head size. The trend line of the graph is logarithmic and can be used to
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predict the width of crater produced for any impactor hammer head radius 
between 10mm and 40mm, with a correlation of 99.74%.














Table 4.46: Width of impact craters of specimens subjected to a single impact
84--
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Figure 4.20: Width of impact crater against impactor hammer head radius
Suzanne L Thomas PhD Thesis, 2008 109
Chapter 4: Experimental Results
4.3.9 Volume of Impact Crater
The volumes of the craters produced for the different impactor hammer head 
sizes tested were calculated using equation 4.2 and are shown in Table 4.47 and 
on the graph in Figure 4.21. The volume of crater produced was shown to 
decrease with a corresponding increase in the impactor hammer head size. The 
trend line of the graph which can be used to predict the volume of crater 
produced for any impactor hammer head radius between 10mm and 40mm.














Table 4.47: Volume of impact craters of specimens subjected to a single impact
0 10 20 30 40 
Impactor Hammer Head Radius (mm)
50
Figure 4.21: Volume of impact crater against impactor hammer head radius
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4.3.10 Impact Contact Time
The impact contact times calculated from the accelerometer readings for each of 
the specimens tested are shown in Table 4.48 and were calculated as previously 
described in Section 4.2.10. Any readings not recorded were due to operational 





























































































Table 4.48: Impact contact times calculated from the accelerometer readings
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4.4 Impact Prediction
In order to determine whether it was possible to use the experimental results 
obtained and graphical information to make predictions for different sized 
impactor hammer heads, a 25mm radius impactor hammer head was 
manufactured and tested using the same experimental procedure. However, due 
to a restriction on material available, only four specimens were tested using the 
25mm impactor hammer head. In certain instances only three of the four 
experimental results obtained have been recorded; this was due to operational 
error.
The average surface texture of the specimens tested, measured as the CLA, was 
found to be 0.158um (SD 0.013), as shown in Table 4.49. The dimensions and 
failure stresses for specimens impacted with the 25mm impactor hammer head 







































Table 4.49: Surface texture of specimens impacted with 25mm impactor
hammer head
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Table 4.50: Specimen dimensions and failure stresses for specimens impacted 
with 25mm impactor hammer head
4.4.1 Cycles to Failure
The average number of cycles to failure for all the impactor hammer head sizes 
tested was 47,455 cycles (SD 3,582), and it was predicted that the 25mm radius 
impactor hammer head would cause specimens to fail within two standard 
deviations i.e. between 40,291 and 54,619 cycles. It was found that the average 
experimental number of cycles to failure for specimens impacted with the 25mm 
radius impactor hammer head was 38,789 cycles (SD 5,696), which does not lie 
within the predicted region, as shown in Table 4.51 and Figure 4.22. It was also 
noted that this value does not lie between the experimental number of cycles to 
failure for specimens impacted with the 18mm and the 40mm impactor hammer 
heads, namely 49,934 and 48,908 cycles respectively, as shown in Table 4.33. It 















Table 4.51: Cycles to failure for specimens subjected to a single impact with the
25mm impactor hammer head
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• 10mm Impact Radius • 1 1mm Impact Radius A 12mm Impact Radius 
X 18mm Impact Radius X 25mm Impact Radius • 40mm Impact Radius
Figure 4.22: S-N Diagram for impact fatigue tests for '070M20' carbon steel 
(including 25mm impact radius)
4.4.2 Hardness of Material
The specimens impacted with the 25mm radius hammer head were found to have 
average hardness values of approximately 3.3 Rockwell C (SD 10.08) or 164 
DPN close to the fracture and -4.15 Rockwell C (SD 3.7) or 140 DPN near the 
shoulder of the specimen as shown in Table 4.52. These hardness values are 
comparable with those for specimens impacted with the various sizes of impactor 
hammer head tested.
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Table 4.52: Hardness values for specimens subjected to a single impact with the
25mm impactor hammer head
4.4.3 Entry Velocity of Impact
The average entry velocity for any size impactor hammer head between 10mm 
and 40mm radius was found to be 2.66m/s (SD 0.02). Therefore, it is possible to 
predict that the entry velocity for a 25mm radius impactor hammer head will be 
2.66m/s (SD 0.02). The actual average value for the entry impact velocity for the 
25mm impactor hammer head was found to be 2.67m/s (SD 0.03), as shown in 
Table 4.53, which is very close to the predicted value and within the range of the 
experimental results. Figure 4.23 shows the entry velocity for all sizes of 














Table 4.53: Entry impact velocities for specimens subjected to a single impact 
with the 25mm impactor hammer head
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A *• —— *- —— ft ——
0 10 20 30 40 
Impactor Hammer Head Radius (mm)
50
* Experimental Results • Predicted Result
Figure 4.23: Entry impact velocity against impactor hammer head radius 
(predicted and experimental results)
4.4.4 Exit Velocity after Impact
From the formula (equation 4.3), obtained from the graph of exit impact 
velocities in Figure 4.15, the exit velocity after impact for a 25mm radius 
impactor hammer head was predicted to be 0.97m/s as shown.
y=0.19311n(x) + 0.2524 
when x = 25mm
y=0.19311n(25) + 0.2524 
y = 0.97m/s
(4.3)
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The actual average value for exit velocity after impact was found to be 0.96m/s 
(SD 0.01), as shown in Table 4.54, which is within the range of the experimental 














Table 4.54: Exit velocities after impact for specimens subjected to a single 
impact with the 25mm impactor hammer head
Plotting the experimental results for all sizes of impactor hammer head tested as 
shown in Figure 4.24, produced a more accurate logarithmic trend and formula 
(equation 4.4) for predicting the exit velocity after impact for impactor hammer 
heads between 10mm and 40mm radius. The formula which should now be used 
is:
y=0.18941n(x) + 0.3604 (4.4)
where x is the impactor hammer head radius (mm) and y is the exit velocity after 
impact (m/s).
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= 0.18941n(x) +0.3604 
R2 = 0.9611
10 20 30 40 
Impactor Hammer Head Radius (mm)
50
j ^ Experimental Results • Predicted Result
Figure 4.24: Exit velocity after impact against impactor hammer head radius 
(predicted and experimental results)
4.4.5 Coefficient of Restitution
Using the formula (equation 4.5), obtained from the graph of coefficient of 
restitution in Figure 4.16, the coefficient of restitution for a 25mm radius 
impactor hammer head is predicted to be 0.37 as shown below.
y = 0.07271n(x) + 0.1338 
when x = 25mm
y=0.0727 ln(25) +0.1338 
y = 0.37
(4.5)
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The actual average value for the coefficient of restitution was 0.36 (SD 0.00), as 















Table 4.55: Coefficients of restitution for specimens subjected to a single impact 
with the 25mm impactor hammer head
Plotting the experimental results for all sizes of impactor hammer heads tested as 
shown in Figure 4.25, produced a more accurate logarithmic trend and formula 
(equation 4.6) for predicting the coefficient of restitution for impactor hammer 
heads between 10mm and 40mm radius. The formula which should now be used
= 0.07071n(x) + 0.1383 (4.6)
where x is the impactor hammer head radius (mm) and y is the coefficient of 
restitution.
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y = 0.07071n(x) + 0.1383 
R2 = 0.9852
10 20 30 40 
Impactor Hammer Head Radius (mm)
^ Experimental Results • Predicted Result
50
Figure 4.25: Coefficient of restitution against impactor hammer head radius 
(predicted and experimental results)
4.4.6 Entry Impact Energy
The average entry impact energy for any size impactor hammer head between 
10mm and 40mm radius was found to be 12.46J (SD 0.16). Therefore, it is 
possible to predict that the entry impact energy for a 25mm radius impactor 
hammer head will be 12.46J (SD 0.16). The actual average value for the entry 
impact energy for the 25mm impactor hammer head was found to be 12.58 (SD 
0.20), as shown in Table 4.56, which is within the range of the experimental 
results. Figure 4.26 shows the entry impact energy for all sizes of impactor 
hammer heads tested.
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Table 4.56: Entry impact energies for specimens subjected to a single impact 
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Impactor Hammer Head Radius (mm)
50
* Experimental Results • Predicted Result
Figure 4.26: Entry impact energy against impactor hammer head radius 
(predicted and experimental results)
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4.4.7 Exit Energy after Impact
From the formula (equation 4.7), obtained from the graph of exit energy after 
impact as shown in Figure 4.18, the exit energy for a 25mm radius impactor 
hammer head was predicted to be 1.69J as shown below.
y=0.63451n(x)-0.3506 (4.7) 
when x = 25mm
y=0.6345 ln(25)- 0.3506 
y = 1.69J
The actual average value for exit energy after impact was 1.61J (SD 0.02), as 















Table 4.57: Exit energies after impact for specimens subjected to a single impact 
with the 25mm impactor hammer head
Plotting the experimental results for all sizes of impactor hammer head tested, as 
shown in Figure 4.27, produced a more accurate logarithmic trend and formula 
(equation 4.8) for predicting the exit energy after impact for impactor hammer 
heads between 10mm and 40mm radius. The formula which should now be used
y=0.6131n(x)- 0.3034 (4.8)
where x is the impactor hammer head radius (mm) and y is the exit energy after 
impact (J).
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y = 0.6131n(x)-0.3034 
R2 = 0.9657
0 10 20 30 40 
Impactor Hammer Head Radius (mm)
+ Experimental Results U Predicted Result j
50
Figure 4.27: Exit energy after impact against impactor hammer head radius 
(predicted and experimental results)
4.4.8 Depth of Impact Crater
From the graph showing the depth of impact crater produced by the various sizes 
of impactor hammer heads in Figure 4.19, the depth of impact crater produced by 
a 25mm radius impactor hammer head was predicted to be approximately 
0.225mm. The actual value for the depth of impact crater produced by a 25mm 
radius impactor hammer head was 0.22mm, which is close to the predicted value. 
Plotting the experimental results for all sizes of impactor hammer heads tested, 
as shown in Figure 4.28, produced a more accurate trend for predicting the depth 
of impact crater produced for impactor hammer heads with a radius between 
10mm and 40mm.
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10 20 30 40 
Impactor Hammer Head Radius (mm)
50
•Experimental Results Predicted Result
Figure 4.28: Depth of impact crater against impactor hammer head radius 
(predicted and experimental results)
4.4.9 Width of Impact Crater
From the formula (equation 4.9), obtained from the graph showing the width of 
impact craters produced by the various sizes of impactor hammer head in Figure 
4.20, the width of crater produced by a 25mm radius impactor hammer head was 
predicted to be 6.886mm as shown below.
y=l.3649 ln(x) +2.4925 
when x = 25mm
y = l.3649 ln(25) +2.4925 
y=6.886mm
(4.9)
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The actual value for the width of impact crater produced by a 25mm radius 
impactor hammer head was 6.8mm, which is close to the predicted value.
Plotting the experimental results for all sizes of impactor hammer heads tested, 
as shown in Figure 4.29, produced a more accurate logarithmic trend and formula 
(equation 4.10) for predicting the width of impact crater for impactor hammer 
heads between 10mm and 40mm radius. The formula which should now be used 
is:
y= 1.34231n(x) +2.5422 (4.10)




y= 1.34231n(x) +2.5422 
R2 = 0.9956
10 20 30 40 
Impactor Hammer Head Radius (mm)
50
^ Experimental Results • Predicted Result
Figure 4.29: Width of impact crater against impactor hammer head radius 
(predicted and experimental results)
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4.4.10 Volume of Impact Crater
From the graph showing the volume of impact crater produced by the various 
sizes of impactor hammer heads in Figure 4.21, the volume of impact crater 
produced by a 25mm radius impactor hammer head was predicted to be 
approximately 4.1mm3 . The actual value for the volume of impact crater 
produced by a 25mm radius impactor hammer head was 4mm3 , which is close to 
the predicted value. Plotting the experimental results for all sizes of impactor 
hammer heads tested, as shown in Figure 4.30, produced a more accurate trend 
for predicting the impact volume for impactor hammer heads between 10mm and 
40mm radius.
0 10 20 30 40 
Impactor Hammer Head Radius (mm)
50
•Experimental Results Predicted Result
Figure 4.30: Volume of impact crater against impactor hammer head radius 
(predicted and experimental results)
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4.4.11 Impact Contact Time
The average impact contact time recorded by the accelerometer was 1.12E-4 
seconds (SD 2.12E-06). This value was the average of the accelerometer 


















Table 4.58: Impact contact times for specimens subjected to a single impact with
the 25mm impactor hammer head
4.5 T-Test
The t-test was developed in 1908 by W. S. Gossett, to look at the interference in 
small samples of data, as the interpretation of small samples may be inaccurate 
due to the lack of available data. By using the t-test it is possible to compare the 
means of two small data groups and to determine whether they are statistically 
different from each other.
The t-test for the fatigue cycle data on the 10mm and 12mm impact radius is 
shown below:




DOF = degrees of freedom
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The number of specimens tested for each impact radius is:
n, 0 =12 
n, 2 =12
The mean of the fatigue cycle values for each impact radius is:
x, 0 =5.107xl0 4 
x, 2 =4.281xl0 4
The standard deviation for each impact radius is:
a,0 =1.014xl0 4 
0 12 =6.19xl03
The variance of the difference between the two means is shown below in 
equation 4.11:





The t value is shown below in equation 4.12:
t = X 10 ~*~ X I2 (4.12)
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t _5.107xl04 -4.281xl04 
3647.19
t = 2.26
The degree of freedom is shown below in equation 4.13:
DOF = n 10 + n, 2 -2 (4.13)
DOF = 12 + 12-2 
DOF = 22
If the calculated t value exceeds the tabulated t value for the calculated degree of 
freedom, then the means are significantly different.
To determine the significance of the data, a risk level, also known as an alpha 
level, must be set. In the majority of research an alpha level of 0.05 is set, which 
means there is a 95% chance of the means being significantly different. Using 
this alpha level, the tabulated t value in above set of data is 1.717 and the 
calculated value is 2.26. As the calculated value exceeds the tabulated value the 
means are significantly different.
4.5.1 T-Test on Entry Velocity of Impact
T-tests were carried out on the entry impact velocity for each set of data for all 
the various impactor hammer head sizes tested. It was found that there was no 
significant difference between the means apart from the case which compared the 
40mm with the 25mm radius impactor hammer head, as shown in Table 4.59. 
This indicates that the entry impact velocity for one size of impactor hammer 
head is not statistically different from any other size of impactor hammer head, 
which again demonstrates the consistency of impacts produced using the impact
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rig. However, in the case of the 40mm and 25mm radius impactor hammer head 
which shows a significant difference between the means, the t-test result is 
considered to be invalid. This discrepancy is possibly due to the small amount of 
data available for the impacts made using the 25mm radius impactor hammer 
head, as there was agreement between the experimental results for the entry 





































































Table 4.59: T-test results on entry impact velocities
4.5.2 T-Test on Exit Velocity after Impact
T-tests were also carried out on the exit velocity after impact for each set of data, 
for all the various impactor hammer head sizes tested. It was found that there 
was a significant difference between the means, as shown in Table 4.60. This 
indicates that the exit velocity for one size of impactor hammer head is 
statistically different from any other size of impactor hammer head. However, in 
the comparison of the 12mm with the 11mm radius impactor hammer head there 
was shown to be no significant difference between the means. In this case the
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Table 4.60: T-test results on exit velocities after impact
4.5.3 T-Test on Fatigue Cycles
T-tests were carried out on the fatigue cycles for each set of data for the various 
impactor hammer head sizes tested. The t-test results show that the relationship 
between fatigue cycles is inconclusive, as 53% of results show a significant 
difference between the means and 47% show no significant difference, as shown 
in Table 4.61. However, the percentage accuracies for the t-test results which 
indicate that there is no significant difference between the means are very low, 
indicating that the results may be invalid and that more data is required.
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Table 4.61: T-test results on fatigue cycles
4.5.4 T-Test on Absorbed Energy
T-tests were carried out on the absorbed energy for each set of data for the 
various impactor hammer head sizes tested. The t-test results show that there is a 
significant difference between the means for t-tests carried out using the 40mm 
impactor hammer head. This indicates that the absorbed energy for the 40mm 
hammer head is statistically different from any other size of impactor hammer 
head, as shown in Table 4.62. However, the percentage accuracies for the t-test 
results on the 10mm, llmm, 12mm, 18mm and 25mm impactor hammer heads 
are very low, indicating that the results may be invalid and more data is required.
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Table 4.62: T-test results on absorbed energy
4.6 Height of Impact
It was decided to extend the experimental programme to determine how the 
amount of impact energy affects the fatigue life of a specimen of '070M20' 
carbon steel.
Using only the 10mm radius impactor hammer head, the same procedures were 
followed as in the original experimental programme. However, for these tests 
the height of the impactor hammer head was adjusted, thus altering the amount of 
impact energy imparted onto the specimen.
Previously in the experimental programme, tests were carried out at 410mm (90 
degrees angle of impact). The follow-on tests were conducted at 276mm (67.5 
degrees angle of impact), 163mm (45 degrees angle of impact), and 87mm (22.5 
degrees angle of impact), to give a good range of results between 0 degrees and 
90 degrees.
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It was only possible to test six specimens for each of the three different impact 
heights due to restrictions on material availability. The surface texture results of 
the specimens are shown in Tables 4.63 to 4.65. The impacted specimen 































































































Table 4.64: Surface texture for specimens impacted from a height of 163mm
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Table 4.66: Specimen dimensions and failure stresses for specimens impacted






















































Table 4.67: Specimen dimensions and failure stresses for specimens impacted
from a height of 163mm
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Table 4.68: Specimen dimensions and failure stresses for specimens impacted
from a height of 276mm
4.6.1 Cycles to Failure
The number of cycles to failure for the differing impact heights can be seen in 
Table 4.69. When combining the S-N diagrams for the control and impact 
fatigue test results at the various heights, as shown in Figure 4.31, it can be seen 
that subjecting a specimen to a single impact from a height of 87mm will lower 
the average fatigue life of the specimen by 6.4% when compared with non- 
impacted control specimens, and also decrease the average range of standard 
deviations over which failure could occur by 13.03%.
By comparing the fatigue results for the impacted specimens alone, it can be seen 
that the greater the height of the impact, and therefore the higher the impact 
energy, the lower the fatigue life of the specimen. Increasing the height of the 
impactor hammer head from 87mm to 410mm can lower the average fatigue life 
of the specimen by 89.5% and, additionally, the average range of standard 
deviations over which failure can occur is decreased by 1.88%.
This is highlighted further in Figure 4.32, which illustrates the cycles to failure 
for the differing impact heights, including the fatigue test results for the control 
specimens, which are considered to be at impact height of Omm as no impact
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took place. It will be possible to predict other rates of failure for impact heights 




























































* 10mm Impact Radius at 90 degrees • 10mm Impact Radius at 67.5 degrees 
A 10mm Impact Radius at 45 degrees X 10mm Impact Radius at 22.5 degrees 
X Control
Figure 4.31: S-N Diagram for control and impact fatigue tests for '070M20' 
carbon steel for varying heights of impactor hammer head
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Figure 4.32: Cycles to failure against height of impactor hammer head
4.6.2 Hardness of Material
After fatigue testing, the specimens impacted from a height of 87mm were found 
to have a hardness of approximately -0.6 Rockwell C (SD 5.1) or 151 DPN close 
to the fracture and a hardness of approximately -3.1 Rockwell C (SD 2.7) or 143 
DPN near to the shoulder of the specimen, as shown in Table 4.70.
The specimens impacted from a height of 163mm were found, after fatigue 
testing, to have a hardness of approximately -1.5 Rockwell C (SD 3.2) or 147 
DPN close to the fracture and a hardness of approximately -2.5 Rockwell C (SD 
5.1) or 144 DPN near to the shoulder of the specimen, as shown in Table 4.71.
The specimens impacted from a height of 276mm were found to have a hardness 
of approximately -0.8 Rockwell C (SD 4.4) or 150 DPN close to the fracture and 
a hardness of approximately -3.9 Rockwell C (SD 2.7) or 140 DPN near to the 
shoulder of the specimen, after fatigue testing, as shown in Table 4.72.
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Table 4.72: Hardness values of specimens impacted from a height of 276mm
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4.6.3 Entry Velocity of Impact
The entry velocities of impact for the different test heights, as well as the 
theoretical values, are shown in Table 4.73 and Figure 4.33. It can be seen that 
as the height of the impactor hammer head decreases, so the velocity of impact 
also decreases. The difference between the experimental and the theoretical 
values was possibly due to the inaccuracy of the angular resolution of the 
potentiometer and frictional losses in the impact rig. It is possible to use the 
graph produced to predict the velocity of impact for other impact heights 

















































Table 4.73: Entry impact velocities for differing impact heights
4.6.4 Exit Velocity after Impact
The exit velocities after impact for the different test heights are shown in Table 
4.74 and Figure 4.34. It can be seen that as the height of the impactor hammer 
head decreases, so the exit velocity also decreases. It is possible use the graph 
produce to predict the exit velocity for other impact heights between 87mm and 
410mm.
Suzanne L Thomas PhD Thesis, 2008 140
Chapter 4: Experimental Results
0 100 200 300 400 
Height of Impactor Hammer Head (mm)
500
•Experimental Results • •Theoretical Results












































Table 4.74: Exit velocities after for differing impact heights
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Figure 4.34: Exit velocity after impact against height of impactor hammer head
4.6.5 Coefficient of Restitution
The coefficients of restitution for the different test heights are shown in Table 
4.75 and Figure 4.35. It can be seen that as the height of the impactor hammer 
head decreases, so the coefficient of restitution increases. Therefore, the higher 
the impact energy, then the less plastic the material becomes. It is possible to 
predict the coefficient of restitution for other impact heights between 87mm and 
410mm using the graph produced.
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Table 4.75: Coefficient of restitution for differing impact heights
0 100 200 300 400 
Height of Impactor Hammer Head (mm)
Figure 4.35: Coefficient of restitution against height of impactor hammer head
500
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4.6.6 Entry Impact Energy
The entry energy of impact for the different test heights, as well as the theoretical 
values, are shown in Table 4.76 and Figure 4.36. It can be seen that as the height 
of the impactor hammer head decreases, so the energy of impact also decreases. 
The difference between the experimental and the theoretical values was possibly 
due to the inaccuracy of the angular resolution of the potentiometer and frictional 
losses in the impact rig. It is possible to predict the energy of impact for other 
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Table 4.76: Entry impact energies for differing impact heights
Suzanne L Thomas PhD Thesis, 2008 144
Chapter 4: Experimental Results
o 100 200 300 400 
Height of Impactor Hammer Head (mm)
500
•Experimental Results •Theoretical Results
Figure 4.36: Entry impact energy against height of impactor hammer head
4.6.7 Exit Energy after Impact
The exit energy after impact for the different test heights is shown in Table 4.77 
and Figure 4.37. It can be seen that as the height of the impactor hammer head 
decreases, so the energy after impact also decreases. It is possible to use the 
graph produced to predict the exit energy of impact for other impact heights 
between 87mm and 410mm.
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Table 4.77: Exit energies after for differing impact heights
0 100 200 300 400 
Height of Impactor Hammer Head (mm)
500
Figure 4.37: Exit energy after impact against height of impactor hammer head
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4.6.8 Depth of Impact Crater
The depth of impact crater produced for the different test heights is shown in 
Table 4.78 and Figure 4.38. It can be seen that as the height of the impactor 
hammer head decreases, so the impact crater depth also decreases. It is possible 
to predict the depth of impact crater produced for other impact heights between 
87mm and 410mm using the graph produced.
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Figure 4.38: Depth of impact crater against height of impactor hammer head
Suzanne L Thomas PhD Thesis, 2008 147
Chapter 4: Experimental Results
4.6.9 Width of Impact Crater
The width of impact crater produced for the different test heights is shown in 
Table 4.79 and Figure 4.39. It can be seen that as the height of the impactor 
hammer head decreases, so the width also decreases. Using the graph produced 
it is possible to predict the width of impact crater produced for other impact 
heights between 87mm and 410mm.








Table 4.79: Width of impact crater for differing impact heights
0 100 200 300 400 
Height of Impactor Hammer Head (mm)
500
Figure 4.39: Width of impact crater against height of impactor hammer head
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4.6.10 Volume of Impact Crater
The volume of the impact crater produced for the different test heights is shown 
in Table 4.80 and Figure 4.40. It can be seen that as the height of the impactor 
hammer head decreases, so the width also decreases. Using the graph produced 
it is possible to predict the volume of the impact crater produced for other impact 
heights between 87mm and 410mm.
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Figure 4.40: Volume of impact crater against height of impactor hammer head
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4.6.11 Impact Contact Time
The impact contact times calculated from the accelerometer readings for each of 
the specimens tested are presented in Table 4.81. Readings were taken for each 













































Table 4.81: Impact contact times calculated from accelerometer readings
4.7 Microstructure of Specimen Surface
Using a 'Metallux 2' microscope with a magnification and aperture of 100x/0.9, 
the surface of both impacted and non-impacted specimens were photographed to 
inspect the surface finish and also the impact crater produced by the impactor 
hammer heads.
As can be seen from Figures 4.41 and 4.42 the surface finish is very consistent, 
with the direction of final polishing in the longitudinal direction.
Some of the specimens have surface irregularities as shown in Figures 4.43 and 
4.44, which are possibly due to inclusions in the initial steel casting process.
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Figure 4.41: Surface finish on a typical specimen (1)
Figure 4.42: Surface finish on a typical specimen (2)
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Figure 4.43: Surface finish on a control specimen showing inclusions (1)
Figure 4.44: Surface finish on a control specimen showing inclusions (2)
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Figures 4.45 to 4.47 show sections of the craters produced due to a single impact. 
Distortion of the specimen is seen in terms of flow lines in the form of concentric 
circles, which correspond to the disposition of the specimen in relation to the 
pressure from the impactor hammer head. It is also possible that some 
irregularities on the surface finish of the impactor hammer head may be 
reproduced on the surface of the specimen during impact. However, any such 
markings will be consistent for all tests using the same hammer head.
Figure 4.45: Surface finish on a specimen subjected to a single impact with a 
10mm radius impactor hammer head - edge of impact crater shown
Suzanne L Thomas PhD Thesis, 2008 153
Chapter 4: Experimental Results
Figure 4.46: Surface finish on a specimen subjected to a single impact with a 
25mm radius impactor hammer head - impact crater shown
Figure 4.47: Surface finish on a specimen subjected to a single impact with a 
25mm radius impactor hammer head - edge of impact crater shown
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4.8 Macrostructure of Fatigue Cracks
A fatigue crack initiates at a point of stress concentration and gradually extends 
across the specimen until the remaining area cannot sustain the load and 
suddenly tears. The fractured surface of the specimen consists of two areas; one 
area is relatively smooth with some ripple marks across the surface of the crack, 
and the second area has a fibrous appearance.
These two areas can clearly be seen in Figure 4.48, which shows a control 
specimen that has failed in fatigue. The fractured surface at Area 1 is where the 
fatigue crack initiated and, as can be seen, the surface area is relatively smooth 
with some ripple marks emanating towards the centre of the specimen. Area 2 is 
where the specimen suddenly tears, as can be seen by the fibrous appearance of 
the fractured surface.
Figure 4.48: A control specimen which has failed in fatigue
Figure 4.49 shows a specimen that has had a single impact from a 40mm radius 
impactor hammer head, about to fail by tearing.
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Figure 4.49: An impacted specimen which was about to fail by tearing
Figure 4.50 shows a specimen which has had a single impact from a 40mm 
impactor hammer head, clearly showing the smooth and fibrous areas associated 
with fatigue failures.
It can also be seen that on some of the specimens that have had a single impact, 
the structure is slightly distorted, as shown in Figure 4.51. Flow lines in the form 
of concentric circles appear to radiate from the central point of the specimen 
which is directly beneath the impact site. These flow lines are possibly 
conchoidal growth rings which radiate inwards from the origin of failure. The 
rings indicate the progressive nature of the fatigue crack propagation.
In the control specimens the structure appears smooth, as shown in Figure 4.52. 
The origin of failure on these specimens mainly occurs at the region of the 
greatest stress concentration, which is where the cross sectional area is the 
smallest.
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Figure 4.50: An impacted specimen which has failed in fatigue - view of tear (1)
Figure 4.51: An impacted specimen which has failed in fatigue - view of tear (2)
Suzanne L Thomas PhD Thesis, 2008 157
Chapter 4: Experimental Results
Figure 4.52: A control specimen which has failed in fatigue - view of tear
4.9 Summary of Experimental Results
Table 4.82 shows a summary of the experimental results for all the specimen 
tests using the various impactor hammer head sizes, whilst Table 4.83 shows a 
summary of the experimental results for all the specimen tests using various 
impactor hammer head heights.


























































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 5: Numerical Modelling
Chapter 5: NUMERICAL MODELLING
This chapter contains the results and observations made for the two and three 
dimensional numerical models, which have been developed to simulate a 
specimen which has been subjected to a single impact, using the ANSYS Finite 
Element Analysis (F.E.A.) software. This was carried out in order to observe the 
residual surface and subsurface stresses produced in the specimen as a result of 
the impact. Comparisons are also made between the numerical and experimental 
results in order to validate the numerical results obtained.
5.1 ANSYS
The main purpose of any F.E.A. is to replicate numerically the behaviour of an 
actual engineering/physical system and also to predict experimental results. 
Finite element analysis, is the solution of algebraic matrix equations that 
approximate the relationships between load and deflection in static analyses, and 
velocity, acceleration, and time in dynamic analyses. Further information on the 
mathematical theory of finite element analysis can be found in "Chapter 3 FEA 
Capabilities and Limitations" of "Building Better Products with Finite Element 
Analysis" (Adams et al. 1999).
The outcomes of the numerical models produced for this study can be compared 
with the experimental results, and then used to visualise parameters such as 
residual compressive and tensile stresses. There are several F.E.A. software 
packages commercially available, but for the purposes of this research the 
ANSYS Academic Research release 11.0 F.E.A. software was used.
It is possible to use the ANSYS software in two ways; via the graphical user 
interface, where the user inputs data with the use of a menu system, or with the 
use of an input file, where the user writes an input file using ANSYS commands. 
Due to the complex model geometry and element attributes, such as the material
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properties, and also the similar geometry and boundary conditions for the 
specimen and the various impactor hammer head sizes, as well as the number of 
runs to be made, it was decided that input files written using ANSYS commands 
would be the most appropriate method to generate the numerical model.
5.2 Two Dimensional Numerical Model
Initially, a plane strain analysis was developed that modelled, in two dimensions, 
the impact of a cylinder on an elastic plate, in order to gain familiarisation with 
the F.E.A. software. The residual von-Mises stresses produced in this analysis 
are shown in Figure 5.1.
Figure 5.1: 2D analysis of a cylinder impacting an elastic plate showing von
Mises stresses (Units - N/m2)
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Once familiar with the F.E.A. software, it was possible to develop an axi- 
symmetric model of a spherical impactor hammer head impacting a specimen. 
For the spherical impactor to be represented in two dimensions, it took the form 
of a semi-circle, with the specimen represented as a rectangle. As an axis of 
symmetry exists through the centre of the sphere and the specimen, they can be 
modelled as a sector of a circle impacting a disc.
The dimensions of both the experimental impactor hammer heads and the 
experimental specimens were used in the finite element analysis, to obtain the 
most accurate results possible.
The finite element analysis can be used to determine the velocity on contact, the 
duration of impact, exit velocity, depth and width of the impacted area, the 
coefficient of restitution, and also to produce images of the residual stresses 
within the specimen. An example of the residual stresses produced in these 
analyses is shown in Figure 5.2.
Figure 5.2: Axi-symmetric analysis of a sphere impacting a specimen showing 
x-directional residual stresses (Units - N/m2 )
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Using a velocity of impact of 3.7m/s and a Young's Modulus for steel of 
200GN/m2 , as the actual velocity of impact and material properties were not yet 
confirmed at this stage of the study, the axi-symmetric analysis showed the 
following results:
• Time of impact = 0.24 milliseconds
• Depth of impact = 0.346mm
• Width of impact = 6 mm.
The validation of these results was not possible as only preliminary experimental 
work had been carried out at this stage of the study.
5.3 Three Dimensional Numerical Model
The complexity of the two-dimensional model was then expanded into a 3D 
numerical model, in order to replicate as accurately as possible the actual impact 
tests. In total, seven three-dimensional numerical models were produced to 
simulate the single impact damage created by the various impactor hammer head 
sizes tested, for each of the materials in the experimental programme.
5.3.1 Model Geometry
An important consideration when developing any model geometry is symmetry. 
Due to the symmetry that exists with the positions and geometries of both the 
specimens and impactor hammer heads, it was possible to develop an axially 
symmetric model, which means it was only necessary to model a quarter of both 
the specimen and the impactor hammer head. One advantage of this is that it will 
reduced the analysis times, as the number of necessary calculations was greatly 
reduced.
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The actual dimensions of the experimental specimens and impactor hammer 
heads were used to develop the model geometry. The specimen was generated 
by constructing three volumes, which were then amalgamated; this was done due 
to the variation in cross-section of the specimen. The impactor hammer head 
was generated as a single volume. The specimen and impactor hammer head 
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Impact of 10mm Radius Sphere on a Specimen of Material I - Bending Quality Brigh
Figure 5.3: Specimen and impactor hammer head lines generated in 3D
numerical models
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Impact of 10mm Radius Sphere on a Specimen of Material 1 - Bending Quality Brigh
Figure 5.4: Specimen and impactor hammer head areas generated in 3D
numerical models
5.3.2 Element Types
For both the specimen and the impactor hammer head, a 20 Node Structural 
Solid Brick (3D) element type was used, in order to give the most accurate 
representation of the geometry used. This element type has three degrees of 
freedom per node, with translations in the x, y and z directions. An important 
aspect of this element type is its treatment of non-linear transient analysis, which 
is necessary for the modelling of the problem. Also, this element type is well 
suited to modelling curved boundaries with a minimal loss of accuracy, and has 
both plasticity and large deflection capabilities, which are also necessary in this 
case.
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5.3.3 Material Properties and Boundary Conditions
There are various modelling methods available in ANSYS that can be used to 
model the plastic behaviour of the specimen material. The commands which 
were considered for the specimen material data are listed below:
• Bilinear Kinematic Hardening (BKIN) - This command assumes that the 
total stress range is equal to twice the yield stress, so that the Bauschinger 
effect, as illustrated in Figure 5.5, is included. BKIN is used for most 
metals or materials which obey the von Mises yield criteria. The material 
behaviour is described by a bilinear stress/strain curve, which starts at the 
origin and has positive stress/strain values. The first slope is defined by 
the elastic modulus of the material and the second is defined by the 
tangent modulus.
• Multilinear Kinematic Hardening (KINH) - A command which is used to 
model metal plasticity behaviour under cyclic loading. The material 
behaviour is described by a multilinear stress/strain curve which starts at 
the origin and has positive stress/strain values with up to twenty data 
points for each stress-strain curve. The Bauschinger effect is also 
included.
• Bilinear Isotropic Hardening (BISO) - This command uses the von Mises 
yield criteria coupled with an isotropic work hardening assumption and 
can be used for large strain analyses. The Bauschinger effect is not taken 
into account. The material behaviour is described by a bilinear 
stress/strain curve, which starts at the origin and has positive stress/strain 
values. The first slope is defined by the elastic modulus of the material 
and the second is defined by the tangent modulus.
• Multilinear Isotropic Hardening (MISO) - A command which can be used 
for large strain analyses and uses the von Mises yield criteria coupled 
with an isotropic work hardening assumption. The Bauschinger effect is 
not taken into account. The material behaviour is described by a 
multilinear stress/strain curve which starts at the origin and has positive
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stress/strain values with up to one hundred data points for each stress- 
strain curve.
Figure 5.5: Stress/strain behaviour of bilinear kinematic model - Bauschinger
effect
The most appropriate modelling method available in ANSYS that can be used to 
model the plastic behaviour of the specimen material, is the Kinematic 
Hardening (KINH) command, which allows the user to define multiple 
stress/strain curves with up to twenty data values for the same material. Data 
tables were used to define the specimen material data that had been previously 
obtained in Section 4.1 'Material 1 - Bending Quality Bright Steel' and Section 
4.2 'Material 2 - '070M20' Carbon Steel'.
The material data for the specimens of Bending Quality Bright Steel (Material 1) 
that were used in the data tables for the numerical model are listed in Table 5.1. 
Further material properties used in the numerical model are listed below:
• Young's Modulus = 194.136GN/m2
• Yield Stress = 372.29MN/m2
• Density = 7850kg/m3
• Coefficient of Friction (static) = 0.4
• Poisson's Ratio = 0.3
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Table 5.1: Stress/strain data values for the specimens of bending quality bright
steel
The material data for the specimens of '070M20' Carbon Steel (Material 2) that 
were used in the data tables for the numerical models are listed in Table 5.2. 
Further material properties used in the numerical models are listed below:
• Young's Modulus = 154.312GN/m2
• Yield Stress = 391.93MN/m2
• Density = 7850kg/m3
• Coefficient of Friction (static) = 0.4
• Poisson's Ratio = 0.3
When modelling the impactor hammer head, it is possible to use the linear elastic 
material properties of the specimen. This is due to the impactor hammer head 
being much harder and having a higher yield stress than the specimen; therefore, 
no obvious plasticity occurs after impact, so only the effects on the specimen due 
the impactor hammer head are considered in the scope of this work. An 
important parameter to consider when modelling the impactor hammer head is its 
mass. During the experimental programme, an impactor hammer head of mass 
3.52kg was used and it was important to replicate this in the model. In order to 
achieve this, the volumes generated for each size of impactor hammer head used
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m the numerical models were calculated and then using a quarter of the mass, 
0.88kg, due to the geometry of the axially symmetric model, the density of each 
size of impactor hammer head was calculated, therefore ensuring that all of the 































Table 5.2: Stress/strain data values for specimens of '070M20' carbon steel
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5.3.4 Mesh Generation
To ensure the accuracy of results, it was important to produce a mesh which was 
adequate for the model geometry. The entire volume of the specimen and the 
impactor hammer head were meshed using mapped hexahedron elements of 
varying element sizes. The impact area on the specimen consists of elements of 
0.368mm. Emanating along the specimen from the point of impact, the element 
size increases to a maximum of 3.3mm. It was important to get as fine a mesh as 
possible around the point of impact, to ensure the accuracy of results obtained. 
However, due to the restrictions of the ANSYS software package used it was not 
possible to make the element size any smaller, as the number of elements 
generated for this study is very close to the maximum limit of the package. 
Approximately 24,000 elements (not including contact elements) were generated 
for each model. The mesh generated on the specimen is shown in Figures 5.6 
and 5.7.
JUL 24 2008 
09:56:32
Impact of IQrom Radius Sphere on a Specimen of Material 1 - Bending Quality Brigh
Figure 5.6: Mesh generated on specimen
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Impact of 10mm Radius Sphere on a Specimen of Material 1 - Bending Quality Brigh
Figure 5.7: Mesh generated on specimen - close up view of impact area
5.3.5 Constraints, Contact and Loads
ANSYS has three main contact capabilities; which are node-to-node, node-to- 
surface and surface-to-surface. When using node-to-node contact the user must 
be aware of the exact point of contact on both of the components being modelled. 
On node-to-surface contact the exact point of contact on the contacting area is 
not required. Surface-to-surface contact can be used when the exact location of 
contact on either component is not known, and is most suitable for transient 
analyses and three dimensional surfaces. Surface-to-surface contact was 
therefore chosen as the most appropriate type of contact for this problem. The 
numerical model uses an eight node surface-to-surface contact, with the impactor 
hammer head being the contact surface and the specimen being the target 
surface.
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For the 10mm impactor hammer head on the Bending Quality Bright Steel 
specimens, the input velocity used was the average experimental entry velocity 
of 3.11m/s, as detailed in Section 4.2.2 'Entry Velocity of Impact'. For the six 
impactor hammer head sizes tested on '070M20' Carbon Steel specimens, the 
velocity used is the average experimental entry velocity of 2.66m/s, as detailed in 
Section 4.3.2 'Entry Velocity of Impact'. These values will be used as loading 
conditions in the numerical models.
Since only one quarter of both the specimen and impactor hammer head were 
modelled, symmetry boundary conditions needed to be applied, in order that the 
intersection surfaces were appropriately restrained. As the base of the 
experimental specimen is restrained, to ensure that no deformation occurs during 
impact, it was also necessary to restrain the base of the specimen in the 
numerical model.
A non-linear transient problem can be solved with either implicit or explicit 
integration algorithms. When the time step size required to obtain convergence 
is specified by the user, implicit algorithms are used. However, if the time step is 
adjusted based on the system response then explicit solvers are employed. The 
three-dimensional, non-linear transient models developed for the current research 
used implicit time integration algorithms, as the time step size was specified.
The impact produced by the impactor hammer head was modelled over two load 
steps. The impactor hammer head is modelled so that it is a small distance 
(O.lmm) above the specimen. In the first time step the impactor moves over the 
distance specified, thus closing the gap between the impactor hammer head and 
the specimen and making contact between the two surfaces. In the second load 
step the constraints for the impactor hammer head are removed, and the impactor 
moves with the velocity generated by the first time step.
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5.4 Model Results
Seven three-dimensional numerical models were produced to simulate the single 
impact damage created by the various impactor hammer head sizes tested, for 
each of the materials in the experimental programme. For the Bending Quality 
Bright Steel specimens (Material 1) the only impactor hammer head used in the 
experimental procedure was the 10mm radius impactor head, and therefore only 
one model was produced to replicate this size of impact. Due to the lengthy 
analysis times of the numerical models (approximately 336 hours per model) and 
constraints on time for the study, it was only possible to run four of the six 
models produced for the '070M20' Carbon Steel (Material 2) specimens. The 
sizes of impactor hammer heads for which numerical results were obtained are 
10mm, 11mm, 12mm, and 18mm radii.
5.4.1 Specimen Material 1 - Bending Quality Bright Steel
It is possible to calculate the velocity of the impactor hammer head during 
contact with the specimen and also the exit velocity of the impactor hammer 
head from displacement/time results provided by ANSYS. It was possible to use 
these results to produce the graph shown in Figure 5.8, which can then be used to 
produce a graph of the displacement of the impactor hammer head against time, 
as shown in Figure 5.9, the gradient of which gives the contact velocity. It is 
also possible to produce a further graph, as shown in Figure 5.10, the gradient of 
which gives the exit velocity.
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Figure 5.9: Displacement of the impactor hammer head over time - gradient of
line provides contact velocity
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Figure 5.10: Displacement of the impactor hammer head over time - gradient of
line provides exit velocity
Table 5.3 shows a summary of both the experimental and numerical modelling 
results for the bending quality bright steel specimen tests, using the 10mm radius 
impactor hammer head. On comparison of the results it is possible to say that the 
experimental results correlate well and validate the numerical results obtained. 
The contact velocity will be less than the entry velocity as the contact velocity is 
the velocity of the impactor hammer head during impact, and it will decrease the 
more it contacts the specimen, as more energy is transformed into strain energy 
and the deformation of the specimen. The only numerically modelled parameter 
which does not correlate well with the experimental results is that of the impact 
contact time. It is possible that the experimental accelerometer readings are 
inaccurate. The mounting of the accelerometer on the impact rig is extremely 
critical, and it is believed that if the metal plate on which it is mounted is too thin 
it will resonate causing the accelerometer to sense erroneous vibrations. It is 
therefore felt that the impact contact time results produced by the numerical 
models are the more accurate.
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When considering the residual stresses produced in the specimen as a result of 
the impact, it is important to consider the von-Mises stress and also the x- 
directional stress. The von-Mises stress is an equivalent stress which is used to 
determine if yield has occurred in a complex stress state. It is called an 
equivalent stress as it takes into account the three principal stresses and equates 
them to a single stress, which can then be compared to a uniaxial measure of 
yield and therefore help predict yield and failure. However, the von-Mises stress 
does not differentiate between tensile and compressive stress states, the nature of 
these stresses can be determined from the x-directional stress. Residual tensile 
and compressive stress results are of most interest in the x-direction as this is the 
direction of the axial loading in the fatigue tests.
Figure 5.11 shows the residual von-Mises stresses on the impacted side of a 
specimen and Figure 5.12 shows the underside of the same impacted specimen. 
The maximum residual von-Mises stress recorded was 454MN/m2 at the base of 
the specimen, directly under the impact site, and also just outside the impact area 
on the surface of the specimen. It should be noted that this value is very close to 
the maximum stress of 454.545MN/m2 recorded in the material data, Table 5.1, 
for the numerical model.
Figure 5.13 shows the residual x-directional stresses on the impacted side of a 
specimen and Figure 5.14 shows the underside of the same impacted specimen. 
The maximum residual x-directional (tensile) stress recorded was 465MN/m2 at 
the region of greatest stress concentration, where the cross-sectional area is the 
smallest.
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Figure 5.11: Residual von-Mises stresses produced on a specimen of bending
quality bright steel impacted with a 10mm radius impactor hammer head
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Figure 5.12: Residual von-Mises stresses produced on a specimen of bending
quality bright steel impacted with a 10mm radius impactor hammer head
(bottom view) - Units are N/m
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Figure 5.13: Residual x-directional stresses produced on a specimen of bending
quality bright steel impacted with a 10mm radius impactor hammer head
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Figure 5.14: Residual x-directional stresses produced on a specimen of bending
quality bright steel impacted with a 10mm radius impactor hammer head
(bottom view) - Units are N/m2
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5-4.2 Specimen Material 2 - '070M20' Carbon Steel
The velocity on contact for the four impactor hammer head sizes tested are 
shown in Table 5.4. As previously mentioned these values vary from the entry 
velocity of 3.11m/s which was used as a set-up parameter, as these are mean 
values which take into the velocity of the impactor hammer head during its 
contact with the specimen. The velocity on contact is shown to decrease as the 
size of the impactor hammer head increases, indicating that more energy is 
absorbed by the specimen as the size of the impactor hammer head increases. It 
should also be noted that the velocities for the llmm and 12mm radius impactor 
hammer heads are the same, due to the congruity of the impactor geometries and 













Table 5.4: Contact velocities generated by ANSYS models
The exit velocities for the four impactor hammer head sizes tested are shown in 
Table 5.5. With the exception of the exit velocity for the 11mm radius impactor 
hammer head, the exit velocity is shown to increase with a corresponding 
increase in the impactor hammer head size, indicating that less energy is 
absorbed by the specimen on impact as the size of the impactor hammer head 
increases. It should also be noted that the exit velocities for the 10mm and 
llmm radius impactor hammer heads are very similar, due to the congruity of 
the impactor geometries and the element size used. The numerical and 
experimental results for exit velocity against impactor hammer head radius are
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shown in Figure 5.15. From the trend lines produced it can be seen that the 
numerical results compare favourably with the experimental results. The 
numerical results are greater than the experimental results with a maximum 













Table 5.5: Exit impact velocities generated by ANSYS models
y = 0.20291n(x) + 0.4538
y = 0.18941n(x) + 0.3604
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Impaetor Hammer Head Radius (mm)
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|XNumerical Results XExperimental Results |
Figure 5.15: Numerical and experimental results for exit velocity against 
impactor hammer head radius
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The COR for the four impactor hammer head sizes tested is shown in Table 5.6. 
With the exception of the exit velocity for the 11mm radius impactor hammer 
head, the COR is shown to increase with a corresponding increase in the 
impactor hammer head size, indicating that the impact can be said to be partially 
plastic, with some kinetic energy being transformed into the deformation of 
material, sound and possibly other forms of energy, such as heat. The numerical 
and experimental results for COR against impactor hammer head radius are 
shown in Figure 5.16. From the trend lines produced it can be seen that the 
numerical results compare favourably with the experimental results. The 
numerical results are greater than the experimental results and with a maximum 













Table 5.6: Coefficient of restitution results generated by ANSYS models
The impact crater depth produced for the impactor hammer head sizes tested are 
shown in Table 5.7. The depth of crater produced is shown to decrease with a 
corresponding increase in the impactor hammer head size. The numerical and 
experimental results for depth of impact crater against impactor hammer head 
radius is shown in Figure 5.17. From the trend lines produced it can be seen that 
the numerical results compare favourably with the experimental results. With the 
exception of the depth of impact crater for the 18mm radius impactor hammer 
head the numerical results are less than the experimental results. There is a 
maximum difference of 12.6% between the results.
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Figure 5.16: Numerical and experimental results for coefficient of restitution 













Table 5.7: Depth of impact crater results generated by ANS YS models
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Figure 5.17: Numerical and experimental results for depth of impact crater 
against impactor hammer head radius
The width of impact craters produced for the various impactor hammer head 
sizes tested are shown in Table 5.8. The crater width produced is shown to 
increase with a corresponding increase in the impactor hammer head size. It can 
also be noted that the width of impact crater for the 10mm and llmm radius 
impactor hammer heads is the same due to the congruity of the impactor 
geometries and the element size used. The numerical and experimental results 
for width of impact crater against impactor hammer head radius are shown in 
Figure 5.18. From the trend lines produced it can be seen that the numerical 
results compare favourably with the experimental results. The numerical results 
are shown to be less than the experimental results. It should be noted that for the 
10mm radius impactor hammer head, the numerical and experimental results are 
the same and there is a maximum difference of 4.6% between all of the results.
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Figure 5.18: Numerical and experimental results for width of impact crater 
against impactor hammer head radius
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The impact contact times for the impactor hammer head sizes tested are shown in 
Table 5.9. With the exception of the 11mm radius impactor hammer head, the 
impact contact times are shown to decrease with a corresponding increase in the 
impactor hammer head size. The numerical and experimental results for impact 
contact time against impactor hammer head radius are shown in Figure 5.19. 
From the trend lines produced it can be seen that the numerical results do not 
compare very favourably with the experimental results. However, as previously 
discussed in Section 5.4.1, it is felt that the accelerometer was incorrectly 













Table 5.9: Impact contact time results generated by ANSYS models
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Figure 5.19: Numerical and experimental results for impact contact time against
impactor hammer head radius
Figure 5.20 shows the residual von-Mises stresses on the impacted side of a 
specimen that has been impacted with a 10mm radius impactor hammer head and 
Figure 5.21 shows the underside of the same impacted specimen. The maximum 
residual von-Mises stress recorded was 597MN/m2 , which can be seen at the 
base of the specimen, directly under the impact site, and also just outside the 
impact area on the surface of the specimen. It should be noted that this value is 
very close to the maximum stress of 598.52MN/m2 recorded in the material data, 
Table 5.2, for the numerical model.
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Figure 5.20: Residual von-Mises stresses produced on a specimen of '070M20' 
carbon steel impacted with a 10mm radius impactor hammer head (top view)
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Figure 5.21: Residual von-Mises stresses produced on a specimen of '070M20' 
carbon steel impacted with a 10mm radius impactor hammer head (bottom view)
- Units are N/m2
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Figures 5.22 to 5.30 show the von-Mises stresses on the impacted side of a 
specimen at various time intervals, from the time of the initial contact between 
the impactor hammer head and the specimen, to the time of separation after 
impact. At 0.0948ms, when the initial contact takes place, there is a maximum 
von-Mises stress directly under the impact site, which diminishes as it radiates 
outwards, as shown in Figure 5.22. At the point of impact, stresses of 
399MN/m2 are recorded which increase to a maximum stress of 599MN/m 2 
directly beneath the impact site.
Figure 5.22: Von-Mises stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.0948 milliseconds - Units are N/m2
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At 0.133ms, the area of maximum stress directly under the impact site has 
increased, as shown in Figure 5.23. It is also noted that there is a region of high 
stress at the region of greatest stress concentration, where the cross-sectional area 
of the specimen is the smallest; this stress is recorded as 532MN/m2 .
Figure 5.23: Von-Mises stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.133 milliseconds - Units are N/m2
At 0.171ms, the stress recorded at the region of greatest stress concentration has 
increased to 599MN/m2 , as shown in Figure 5.24. The area of stress at the 
impact site has now greatly increased and has merged with the region of high 
stress at the region of greatest stress concentration. This area of stress is shown 
to have increased in size at 0.209ms, as shown in Figure 5.25 and also at 
0.285ms, as shown in Figure 5.26.
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Figure 5.24: Von-Mises stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.171 milliseconds - Units are N/m2
Figure 5.25: Von-Mises stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.209 milliseconds - Units are N/m2
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Figure 5.26: Von-Mises stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.285 milliseconds - Units are N/m2
At 0.311ms the impactor hammer head is now rebounding out of the specimen. 
The stresses directly under the impact site have now decreased and range 
between 200MN/m2 and 399MN/m2, as shown in Figure 5.27. At 0.348ms, as 
shown in Figure 5.28, the maximum stress is now visible at the region of greatest 
stress concentration and just outside the impact area on the surface of the 
specimen. These regions of maximum stress decrease to 465MN/m , and 
directly under the impact site the stress decreases to 66.4MN/m2 at the top 
surface of the specimen, and a stress of 531MN/m2 at the base of the specimen.
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Figure 5.27: Von-Mises stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.311 milliseconds - Units are N/m2
Figure 5.28: Von-Mises stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.348 milliseconds - Units are N/m2
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The impactor hammer head has now completely separated from the specimen 
and at 0.421ms the area of stress at the base of the specimen directly under the 
impact site has increased, as shown in Figure 5.29. At 0.714ms the areas of 
stress and their corresponding values remain unchanged, as shown in Figure 
5.30.
Figure 5.29: Von-Mises stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.421 milliseconds - Units are N/m2
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Figure 5.30: Von-Mises stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.714 milliseconds - Units are N/m2
The maximum von-Mises stress was recorded at a single nodal position, node 
413, which is located just outside the impact area on the surface of the specimen. 
A graph showing the von-Mises stresses experienced at this nodal position from 
the beginning of the analysis to the time of separation after impact, is shown in 
Figure 5.31. The maximum von-Mises stress recorded at this nodal position was 
599MN/m2 . This value decreased and stabilised once the impactor hammer head 
was fully removed from the specimen, with a residual von-Mises stress of 
597MN/m2 .
A graph of the maximum von-Mises stress recorded at nodal position 413 against 
von-Mises elastic strain for the duration of the analysis is shown in Figure 5.32.
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Figure 5.31: Maximum von-Mises stress recorded (N/m2), occurring at single 
nodal position (node 413), over time (seconds)
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Figure 5.32: Maximum von-Mises stress recorded (N/m2), occurring at single 
nodal position (node 413), against von-Mises elastic strain
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Figure 5.33 shows the residual x-directional stresses on the impacted side of a 
specimen that has been impacted with a 10mm radius impactor hammer head. 
Figure 5.34 shows the underside of the same impacted specimen. The maximum 
residual x-directional (tensile) stress recorded was 590MN/m2 at the region of 
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Figure 5.33: Residual x-directional stresses produced on a specimen of 
'070M20' carbon steel impacted with a 10mm radius impactor hammer head
(top view) - Units are N/m2
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Figure 5.34: Residual x-directional stresses produced on a specimen of
'070M20' carbon steel impacted with a 10mm radius impactor hammer head
(bottom view) - Units are N/m2
Figures 5.35 to 5.43 show the x-directional stresses on the impacted side of a 
specimen at various time intervals, from the time of initial contact between the 
impactor hammer head and specimen, up to the time of separation after impact. 
At 0.0948ms, when the initial contact takes place, there is a high compressive 
stress of 1560MN/m2 directly under the impact site and 603MN/m2 within the 
specimen, as shown in Figure 5.35. Additionally, there is a ring of high tensile 
stress of a magnitude of 594MN/m2 just outside the impact area and 354MN/m2 
at the region of greatest stress concentration. Beyond the shoulder of the 
specimen, away from the impact site, a compressive stress of 124MN/m2 is 
visible across the length of the specimen.
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Figure 5.35: X-directional stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.0948 milliseconds - Units are N/m2
At 0.133ms, the area covered by the ring of tensile stress just outside the impact 
area has decreased, as shown in Figure 5.36. The tensile stress at the region of 
greatest stress concentration has increased to 677MN/m2 and the area it covers 
has also increased. The compressive stress directly under the impact site has 
increased to 1910MN/m2 and the compressive stress visible across the length of 
the specimen has also increased, to 184MN/m .
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Figure 5.36: X-directional stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.133 milliseconds - Units are N/m2
At 0.171ms, the area covered by the ring of tensile stress just outside the impact 
area has decreased, as shown in Figure 5.37. The tensile stress at the region of 
greatest stress concentration has increased to 719MN/m2 and the area it covers 
has also increased. The compressive stress directly under the impact site 
decreased to 1680MN/m2 and the area which it covers has increased. The 
compressive stress visible across the length of the specimen has also increased, 
to approximately 214MN/m2 .
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Figure 5.37: X-directional stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.171 milliseconds - Units are N/m2
At 0.209ms, the tensile stress at the stress concentration has increased to 
738MN/m2 and the area it covers has also increased, as shown in Figure 5.38. 
The compressive stress directly under the impact site increased to 1830MN/m2 . 
The compressive stress visible across the length of the specimen has also 
increased to approximately 259MN/m2 . At 0.285ms the tensile stress at the 
region of greatest stress concentration has decreased to 729MN/m , as shown in 
Figure 5.39. The compressive stress directly under the impact site decreased to 
1660MN/m2 and the compressive stress visible across the length of the specimen 
has also decreased, to approximately 198MN/irT.
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Figure 5.38: X-directional stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.209 milliseconds - Units are N/m2
Figure 5.39: X-directional stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.285 milliseconds - Units are N/m2
Suzanne L Thomas PhD Thesis, 2008 203
Chapter 5: Numerical Modelling
At 0.311ms, the impactor hammer head is now rebounding out of the specimen.
The tensile stress at the stress concentration has decreased to 682MN/m . The
compressive stress directly under the impact site has decreased to 1420MN/nrf
and the area which it covers has also decreased. The compressive stress visible
across the length of the specimen has also decreased to 185MN/m2 , as shown in
Figure 5.40. At 0.348ms, the tensile stress at the region of greatest stress
concentration has decreased to 602MN/m2 . The compressive stress directly
under the impact site has decreased to 731MN/m2 and the area which it covers
has increased. The compressive stress visible across the length of the specimen
has decreased to approximately 65MN/m2 , as shown in Figure 5.41.
Figure 5.40: X-directional stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.311 milliseconds - Units are N/m2
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Figure 5.41: X-directional stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.348 milliseconds - Units are N/m2
The impactor hammer head has now completely separated from the specimen 
and, at 0.421ms, the tensile stress at the stress concentration has decreased to 
589MN/m2 , as shown in Figure 5.42. The compressive stress directly under the 
impact site has decreased to 688MN/m2 . The compressive stress visible across 
the length of the specimen has also decreased to approximately 49MN/m2 . At 
0.714ms the tensile stress at the region of greatest stress concentration has 
decreased to 585MN/m2 , as shown in Figure 5.43. The compressive stress 
directly under the impact site has decreased to 691MN/m2 and the compressive 
stress visible across the length of the specimen has increased, to approximately 
53MN/m2 .
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Figure 5.42: X-directional stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.421 milliseconds - Units are N/m2
Figure 5.43: X-directional stresses produced on a specimen of '070M20' carbon
steel impacted with a 10mm radius impactor hammer head (top view) after a time
interval of 0.714 milliseconds - Units are N/m
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The maximum x-directional (tensile) stress was recorded at a single nodal 
position, node 553, which is located at the region of greatest stress concentration, 
where the cross-sectional area of the specimen is the smallest. A graph showing 
the maximum x-directional (tensile) stresses experienced at this nodal position 
from the beginning of the analysis to the time of separation after impact, is 
shown in Figure 5.44. As the impactor hammer head rebounded out of the 
specimen it can be seen that the x-directional (tensile) stress decreased until it 
eventually stabilised once the impactor hammer head was fully removed from the 
specimen, with a residual x-directional (tensile) stress of 590MN/m .
A graph of the maximum x-directional (tensile) stress recorded at the nodal 




OCT 9 2008 
11:17:04
impact of lOmm Radius Sphere on a Specimen of Material 2 - '070M20' Carbon Steel
Figure 5.44: Maximum x-directional (tensile) stress recorded (N/m2), occurring 
at single nodal position (node 553), over time (seconds)
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Figure 5.45: Maximum x-directional (tensile) stress recorded (N/m2), occurring 
at single nodal position (node 553), against elastic strain
Figure 5.46 shows the residual von-Mises stresses on the impacted side of a 
specimen which has been impacted with an 11mm radius impactor hammer head 
and Figure 5.47 shows the underside of the same impacted specimen. The 
maximum residual von-Mises stress recorded was 597MN/m2 , which can be seen 
at the base of the specimen directly under the impact site and also just outside the 
impact area on the surface of the specimen.
Figure 5.48 shows the residual x-directional stresses on the impacted side of a 
specimen which has been impacted with an 11mm radius impactor hammer head 
and Figure 5.49 shows the underside of the same impacted specimen. The 
maximum residual x-directional stress (tensile) recorded was 588MN/m at the 
region of greatest stress concentration, where the cross-sectional area of the 
specimen is the smallest.
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Figure 5.46: Residual von-Mises stresses produced on a specimen of '070M20' 
carbon steel impacted with a 11mm radius impactor hammer head (top view)
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Figure 5.47: Residual von-Mises stresses produced on a specimen of '070M20' 
carbon steel impacted with a 11mm radius impactor hammer head (bottom view)
- Units are N/m2
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Figure 5.48: Residual x-directional stresses produced on a specimen of 
'070M20' carbon steel impacted with a 11mm radius impactor hammer head
(top view) - Units are N/m2
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Figure 5.49: Residual x-directional stresses produced on a specimen of
'070M20' carbon steel impacted with a 11mm radius impactor hammer head
(bottom view) - Units are N/m2
Suzanne L Thomas PhD Thesis, 2008 210
Chapter 5: Numerical Modelling
Figure 5.50 shows the residual von-Mises stresses on the impacted side of a 
specimen which has been impacted with a 12mm radius impactor hammer head 
and Figure 5.51 shows the underside of the same impacted specimen. The 
maximum residual von-Mises stress recorded was 597MN/m2, which can be seen 
at the base of the specimen directly under the impact site and also just outside the 
impact area on the surface of the specimen.
Figure 5.52 shows the residual x-directional stresses on the impacted side of a 
specimen which has been impacted with a 12mm radius impactor hammer head 
and Figure 5.53 shows the underside of the same impacted specimen. The 
maximum residual x-directional (tensile) stress recorded was 589MN/m at the 
region of greatest stress concentration, where the cross-sectional area of the 
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Figure 5.50: Residual von-Mises stresses produced on a specimen of '070M20' 
carbon steel impacted with a 12mm radius impactor hammer head (top view)
- Units are N/m2
Suzanne L Thomas PhD Thesis, 2008
Chapter 5: Numerical Modelling
STEP,2 






4.377 .133E+09 .266E*09 .398E+09 531E+09
.664E*08 .199E+09 .332E*09 .465E+09 .597E+09
Impact of 12mm Radius Sphere on a Specimen of Material 2 - '070M20' Carbon steel
Figure 5.51: Residual von-Mises stresses produced on a specimen of '070M20' 
carbon steel impacted with a 12mm radius impactor hammer head (bottom view)
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Figure 5.52: Residual x-directional stresses produced on a specimen of 
'070M20' carbon steel impacted with a 12mm radius impactor hammer head
(top view) - Units are N/m2
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Figure 5.53: Residual x-directional stresses produced on a specimen of
'070M20' carbon steel impacted with a 12mm radius impactor hammer head
(bottom view) - Units are N/m2
Figure 5.54 shows the residual von-Mises stresses on the impacted side of a 
specimen which has been impacted with an 18mm radius impactor hammer head 
and Figure 5.55 shows the underside of the same impacted specimen. The 
maximum residual von-Mises stress recorded was 595MN/m", which can be seen 
at the base of the specimen directly under the impact site and also just outside the 
impact area on the surface of the specimen.
Figure 5.56 shows the residual x-directional stresses on the impacted side of a 
specimen which has been impacted with an 18mm radius impactor hammer head 
and Figure 5.57 shows the underside of the same impacted specimen. The 
maximum residual x-directional (tensile) stress recorded was 574MN/m2 at the 
region of greatest stress concentration, where the cross-sectional area of the 
specimen is the smallest.
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Figure 5.54: Residual von-Mises stresses produced on a specimen of '070M20' 
carbon steel impacted with a 18mm radius impactor hammer head (top view)
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Figure 5.55: Residual von-Mises stresses produced on a specimen of '070M20' 
carbon steel impacted with a 18mm radius impactor hammer head (bottom view)
- Units are N/m2
Suzanne L Thomas PhD Thesis, 2008 214









-.591E+09 -,332E*09 -.732E+06 .186E+09 .444Et09
-.461E+09 -.203E+09 .562E+08 .315E+09 .574E+09
Impact of 18mm Radius Sphere on a Specimen o£ Material 2 - '070M20' Carbon Steel
Figure 5.56: Residual x-directional stresses produced on a specimen of 
'070M20' carbon steel impacted with a 18mm radius impactor hammer head
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Figure 5.57: Residual x-directional stresses produced on a specimen of
'070M20' carbon steel impacted with a 18mm radius impactor hammer head
(bottom view) - Units are N/m2
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5. 5 Summary of Numerical Results
Tables 5.10 and 5.11 show a summary of the numerical modelling results for 
both bending quality bright steel specimen tests and also the '070M20' carbon 
steel specimen tests, using the various impactor hammer heads sizes modelled.
It can be seen that the residual stress results obtained are very similar due to the 
congruity of the impactor geometries and the element size used. However, by 
comparing the results for 10mm and 18mm radius impactor hammer heads only, 
it can be seen that the maximum residual x-directional (tensile) stress and also 





































Table 5.10: Summary of residual stress values obtained from numerical
modelling




















































































































































































































































































































Chapter 6: Discussion of Results
Chapter 6: DISCUSSION OF RESULTS
This chapter provides a discussion of the experimental results obtained in 
Chapter 4, detailing any observations on the possible effect that the size of an 
impacting object may have on the fatigue life of a specimen. A discussion is also 
provided on the experimental results obtained for varying heights of impact, in 
order to determine how the amount of impact energy affects the fatigue life of a 
specimen. Additionally, the validation of the numerical models carried out in 
Chapter 5 is discussed, as well as determining links between the fatigue life of a 
specimen and the residual stresses produced due to impact.
Table 6.1 presents a summary of all the experimental and numerical results 
obtained for both the bending quality bright steel and also the '070M20' carbon 
steel specimens, which have been tested with the various sizes of impactor 
hammer head.
Presented in Table 6.2 are the experimental results obtained from using only the 
10mm radius impactor hammer head to impact '070M20' carbon steel specimens 
at varying heights of impact, in order to determine how the amount of impact 
energy affects the fatigue life of a specimen.
A summary of the residual stress values obtained from the numerical modelling 
results is presented in Table 6.3.
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Table 6.3: Summary of residual stress values obtained from numerical modelling
6.1 Discussion of Experimental Results
In the case of Material 1, 'Bending Quality Bright Steel', a single impact with a 
10mm radius impactor hammer head lowered the average fatigue life by 82.4%, 
but increased the average range of standard deviations over which failure could 
occur by 6.13%. In the case of Material 2, '070M20 Carbon Steel', a single 
impact with any of the sizes of impactor hammer head tested, (10mm, llmm, 
12mm, 18mm, 25mm or 40mm radius), was again seen to lower the average 
fatigue life of the specimen, in this case by 91.17%. The maximum average 
percentage reduction of 92.55% was noted to be for single impacts with the 
25mm radius impactor hammer head and the minimum average percentage 
reduction of 90.19% for single impacts was with the 10mm radius impactor 
hammer head, as shown in Table 6.4. However, the average range of standard 
deviations over which failure could occur was found to decrease for specimens of 
'070M20' carbon steel by 18.36%. Therefore, the experimental results show that 
a single impact with any of the sizes of impactor hammer head tested, at the
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chosen impact energies for this study, lowers the fatigue life of the specimen in 
both materials. Depending on the hardness of the material, the range of cycles 
over which the failure can occur may vary, as the average range of standard 
deviations was found to decrease for the softer specimens of '070M20' carbon 
steel and increase for the harder specimens of bending quality bright steel. It 
should also be noted that there was very little variation between the fatigue test 
results for the '070M20' carbon steel specimens impacted with the various sizes 
of impactor hammer head, indicating that although a single impact will decrease 
the fatigue strength of a specimen, the size of impactor used has little effect at the 
chosen impact energy used in this study. It is felt that the reduction in fatigue 
life is due to the residual stresses imparted in the specimen resulting from the 




















Table 6.4: Percentage reduction in fatigue life of specimens of '070M20' carbon 
steel due to a single impact with various sizes of impactor hammer head
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The experimental results for the '070M20' carbon steel specimens show that as 
the size of the impactor hammer head increased, the exit velocity, COR, exit 
impact energy and the contact time of impact also increased. This indicates that 
less energy is absorbed by the specimen on impact as the size of the impactor 
hammer head increases. The depth of impact crater was found to decrease with 
an increase in the size of the impactor hammer head and, correspondingly, the 
width of impact was noted to increase. Research previously discussed in Chapter 
2, on the 3D numerical model of shot peening carried out by EITobgy et al. 
(2004) using shot of up to 0.5mm in radius, agrees with the trends shown for the 
depth and width of impact crater. It is possible to use the graphical information 
obtained from the experimental results to make predictions for any size of 
impactor hammer head with a radius between 10mm and 40mm at the impact 
energy chosen for this study. The experimental results also show that subjecting 
a specimen to a single impact with any size impactor hammer head radius 
between 10mm and 40mm, does not affect the hardness of the material.
It was decided to extend the experimental programme to determine how the 
amount of impact energy would affect the fatigue life of a specimen of '070M20' 
carbon steel. Using only the 10mm radius impactor hammer head, the same 
procedures were followed as in the original experimental programme. However, 
for these tests the height of the impactor hammer head was adjusted, thus altering 
the amount of impact energy imparted onto the specimen. Previously in the 
experimental programme tests were carried out at 410mm (impact energy of 
12.53J). The follow-on tests were conducted at 276mm (7.35J), 163mm (2.96J), 
and 87mm (1.08J).
It was found that subjecting a specimen to a single impact from a height of 
87mm will lower the average fatigue life of the specimen by 6.4% when 
compared with non-impacted control specimens, and also decrease the average 
range of standard deviations over which failure could occur by 13.03%. By 
comparing the fatigue results for the impacted specimens alone, it can be seen 
that the greater the height of the impact, and therefore the higher the impact
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energy, the lower the fatigue life of the specimen becomes. Increasing the height 
of the impactor hammer head from 87mm to 410mm can lower the average 
fatigue life of the specimen by 89.5% and, additionally, the average range of 
standard deviations over which failure can occur is decreased by 1.88%. The 
graphical trends produced make it possible to predict other rates of failure for all 
impact heights between Omm and 410mm.
It was noted that as the height of impact increased, thus increasing the impact 
energy, the exit velocity, depth of impact crater, width of impact crater, and the 
exit energy also increased. It is also noted that more energy is absorbed by the 
specimen on impact as the height of the impactor hammer head increases, as 
shown in Table 6.5. The COR and also the impact contact time were found to 
decrease with an increase in impact height, showing that the higher the impact 
energy the less plastic the material becomes. It is possible to use the graphical 
information obtained from the experimental results to make predictions for any 































Table 6.5: Percentage of entry impact energy lost during impact
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6.2 Discussion of Numerical Modelling Results
The numerical modelling results for both the materials modelled, namely 
bending quality bright steel and '070M20' carbon steel, were found to compare 
very favourably with the experimental results obtained. In the case of the 
'070M20' carbon steel specimens, it is possible to see that the numerical results 
follow the same trends as the experimental results, with a maximum percentage 
difference between the results of 18.3%, which was for the exit velocity of 
impact, and a minimum percentage difference of 0% for the width of impact 
crater, as shown in Table 6.6. However, it was found that the experimental 
results for the impact contact time did not compare favourably with the 
numerical results, which is possibly because the mounting of the accelerometer 
may have not been adequate and has therefore produced erroneous results, as 
discussed in Section 5.4.1.
Parameter Measured
Exit Velocity of Impact
Coefficient of Restitution
Depth of Impact Crater
Width of Impact Crater
Percentage Difference 
between Numerical and 
Experimental Results (%)






















Table 6.6: Percentage difference between numerical and experimental results
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The residual stress contours produced by the numerical models are very smooth, 
indicating that the element size generated was more than adequate for this study. 
However, some errors may occur due to the element size used, for instance, if the 
element size is too coarse, it would not be possible to exactly measure the width 
of impact crater produced. The numerical modelling results would represent the 
experimental results far more accurately if the mesh generated in the numerical 
models was finer. However, due to the constraints of the ANSYS package used 
this was not possible, as the number of nodes generated for this study is very 
close to the maximum limit of the package.
As non-linear transient numerical models were produced for this study, it is also 
possible that complications may occur with the numerical stability and non- 
linearity of the material. ANSYS uses the Newton-Raphson method to solve 
non-linear transient analysis problems. This method is an iterative process of 
solving non-linear equations, as illustrated in Figure 6.1 on a load versus 
displacement curve, where each peak represents a separate stiffness update 
iteration within each load step. The load is applied in incremental steps and the 
program performs equilibrium iterations at each time step, repeating these 
iterations until the problem converges. If the load steps are too large, the error 
may not be reduced and convergence will fail. Conversely, if the steps are too 
small the solution may take an excessive amount of time to converge. Equation 
6.1 shows the time step equation used in the analyses, which is dependant on 
both the number of elements generated across the width of the specimen and also 
the elastic wave propagation speed, detailed in equation 6.2. Convergence of the 
problem and the accuracy of the results would therefore be improved by 
increasing the number of elements generated across the width of the specimen, 
which would in turn increase the time step increment.
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where TEL = time step increment
NoE = number of elements along width of specimen 




where CVEL = elastic wave propagation speed
E = Young's Modulus of specimen material 
p = density of specimen material
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The slight discrepancies between the numerical and the experimental results 
could also be due to the fact that the numerical models produced do not consider 
the strain rate effects in the materials. With a strain rate dependant material, the 
material will deform differently at high speed impacts than at low speed impacts. 
Cunningham (2007) discusses several cases and how the strain rate of the 
material can affect numerical results. For instance, in one case study mentioned, 
Rolls Royce were carrying out a shaft buckling test to establish the ultimate 
torsional capability of a shaft and found that the numerical model was over- 
predicting the failure torque by as much as 15%. Another case was described 
where the numerical model predicted a deformation to be 61mm, but after taking 
into account the effects of strain rate this was reduced to 29mm, which compared 
well with a deformation of 30mm that was found experimentally. Therefore, to 
enhance the accuracy of the results of the numerical model, it may be necessary 
to consider strain rate effects of the material. However, due to time constraints, 
this was not a consideration for this research. The effect of strain rate can be 
taken into account when writing the numerical model by incorporating the 
Cowper-Symonds, model which describes the relationship of dynamic stress to 
strain rate using equation 6.3, (MacDonald, 2007).




e = strain rate
C and P = the Cowper-Symonds strain rate parameters
a y = uniaxial yield stress
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For both of the materials modelled, the regions of high tensile residual stress 
were shown to be just outside the crater that had been produced by the impactor 
hammer head and also at the region of greatest stress concentration, where the 
cross-sectional area of the specimen is the smallest. It was noted in Section 4.8, 
'Macrostructure of Fatigue Cracks', and also illustrated in Figure 4.48, that this 
region of greatest stress concentration is where the origin of failure occurs during 
fatigue testing. With such a high intensity of residual tensile stresses in this area, 
it is inevitable that the fatigue life of the specimen will be reduced. The presence 
of residual tensile stresses outside the area of impact is in agreement with 
research carried out by Peters et al. (2002), where it was noted that spherical 
impacts on a specimen of aluminium alloy produced tensile residual stresses at a 
distance from the impact site. Finite element analysis on the repeated indentation 
of a half-space by Krai et al. (1993) noted that in non-hardened materials, a 
spherical band of tensile hoop stress was produced on the surface of the half- 
space outside the impact crater, which also compares well with the numerical 
results produced in the current study.
From the numerical modelling results for the '070M20' carbon steel, it can be 
seen that for both the residual von-Mises and also the residual tensile stresses, the 
results obtained are very similar, which is possibly due to the congruity of the 
impactor hammer head geometries and the element size used. However, by 
comparing the results for 10mm and 18mm radius impactor hammer heads only, 
it can be seen that the maximum residual tensile stress and also the maximum 
von-Mises stress decrease as the impactor hammer head size increases. Thus, the 
greater the depth and, therefore, the smaller the width of the impact crater 
produced, then the greater the residual stresses produced in the impacted 
specimen.
When comparing the experimental and numerical results it can be seen that a 
single impact, with any size radius impactor hammer head between 10mm and 
40mm, causes a reduction in the fatigue life of a specimen, but the size of the 
impactor used does not affect the amount of reduction in fatigue life, or the size
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and extent of the residual stresses produced. However as previously mentioned, 
the residual stresses produced in the specimens are very similar in size and 
profile. Therefore, it can be deduced that in this study, the reduction in fatigue 
life of a specimen is actually due to the energy of the impact and the residual 
stresses produced in the specimen. Accordingly, a specimen subjected to a single 
impact with any size radius impactor hammer head between 10mm and 40mm, at 
the chosen impact energy for this study, will cause a normalisation in the residual 
stresses produced and also in the reduction of the fatigue life of the specimen.
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Chapter 7: CONCLUSIONS AND FURTHER WORK
This chapter contains a summary of the research project, accompanied by the 
major conclusions from the study. The limitations of the present work are 
identified and suggestions for further work are also made.
The aim of the research was to investigate the effect of a single impact on the 
fatigue life of steel. A component subjected to a single impact may have not 
only noticeable surface damage but also residual stresses in the surface and 
subsurface layers. These residual stresses may improve or possibly reduce the 
fatigue life of the component. The objectives of the research were, therefore, to 
investigate what effect the size of an impacting object has on the fatigue life of a 
specimen and also to evaluate experimentally the amount of single impact energy 
required to affect the fatigue life of specimens. Furthermore, numerical models 
were developed, which were used to show the surface and subsurface residual 
stresses produced as a result of the impact.
The specimens used in the experimental programme were made from two 
different types of cold-rolled, mild steel strip. The first material tested was 
Bending Quality Bright Steel (BS1449), and the second material was '070M20' 
Carbon Steel (BS970). The materials were chosen as they are both types of mild 
steel which are easily obtainable and widely used in the manufacture of many 
engineering components.
To investigate what effect the size of an impacting object has on the fatigue life 
of a specimen, the hammer heads were produced in six sizes; 10mm, llmm, 
12mm, 18mm, 25mm and 40mm radii. However, due to limitations on material 
availability, it was only possible to carry out tests using the 10mm radius 
impactor hammer head on Material 1. In the case of this material, 'Bending 
Quality Bright Steel', a single impact with a 10mm radius impactor hammer head 
lowered the average fatigue life by 82.4%, but increased the average range of 
standard deviations over which failure could occur by 6.13%. In the case of
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Material 2, '070M20 Carbon Steel', a single impact with any of the sizes of 
impactor hammer head tested, (10mm, llmm, 12mm, 18mm, 25mm or 40mm 
radius), can again be seen to lower the average fatigue life of the specimen, in 
this case by 91.17%. However, the average range of standard deviations over 
which failure could occur was found to decrease by 18.36%. Therefore, the 
experimental results show that a single impact with any of the sizes of impactor 
hammer head tested, at the chosen impact energies for this study, will lower the 
fatigue life of the specimen in both materials. It should also be noted that there 
was very little variation between the fatigue test results for specimens impacted 
with the various sizes of impactor hammer head, indicating that whilst an impact 
will decrease the fatigue strength of a specimen, the size of impactor head used 
has little effect, at the impact energies used in this study. Depending on the 
hardness of the material, the range of cycles over which the failure can occur 
may vary, as the range of standard deviations was found to decrease for the softer 
specimens of '070M20 1 carbon steel and increase for the harder specimens of 
bending quality bright steel.
In order to determine how the amount of impact energy affects the fatigue life of 
a specimen of '070M20' carbon steel, the height of the impactor hammer head 
was adjusted, thus altering the amount of impact energy imparted into the 
specimen. These tests were conducted using the 10mm radius impactor hammer 
head at impact heights of 276mm, 163mm and 87mm, and compared with the 
experimental results previously obtained from specimens impacted at an impact 
height of 410mm. It can be seen that the greater the height of the impact, and 
therefore the higher the impact energy, then the lower the fatigue life of the 
specimen. Increasing the height of the impactor hammer head from 87mm to 
410mm, can lower the average fatigue life of the specimen by approximately 
89.5%. Also, the average range of standard deviations over which failure can 
occur is reduced by approximately 1.88%.
The results produced by the numerical models were compared with the 
experimental data for '070M20' carbon steel specimens that had been subjected
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to a single impact. The results produced by the numerical models do follow the 
same trends as the experimental results, and the maximum percentage difference 
recorded between the numerical and experimental results was 18.3%.
Regions of high residual tensile stress were shown to be just outside the crater 
produced by the impactor hammer head and also at the region of greatest stress 
concentration, where the cross-sectional area of the specimen is the smallest. 
From the experimental work it was also noted that failure of the specimens 
during the fatigue tests initiated at the region of greatest stress concentration.
It was also found that the residual von-Mises and x-directional tensile stresses 
were found to decrease as the impactor hammer radius size increases. Thus, the 
greater the depth and the smaller the width of the impact crater produced, the 
greater the residual stresses produced in the impacted specimen.
It has previously been noted that the size of the impactor hammer head does not 
have an effect on the fatigue life of an impacted specimen. However, as the 
fatigue life of a specimen is considerably lowered due to a single impact, it can 
be said that this is due to the presence of residual stresses resulting from the 
impact. For both of the materials modelled, a single impact at the chosen impact 
energy will impart residual stresses in the specimen, which in turn causes a 
normalisation in the reduction in the fatigue life of the specimen, as well as the 
residual stresses produced.
Determining the effect of the size and energy of an indenter on the fatigue life of 
the component could be used in many engineering applications; such as shot 
peening, aircraft structures and components, boat propellers, car body panels and 
parts, and numerous other applications in which a metal structure or component 
may be subjected to an impact. With accurate material properties a numerical 
model can be used as an aid in determining the state of residual stress before the 
application of fatigue load.
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7.1 Recommendations for Future Research
Considerations in future research would be to ensure that when developing a 
numerical model, a very fine mesh is used in the area of impact, and also that 
strain rate effects are considered. The current study could be developed further 
by carrying out analyses to determine how a variation in impact velocity, and 
therefore impact energy, would affect the residual stresses induced in the 
specimen, and correlations could be made with the experimental results 
discussed in this study.
One recommendation when carrying out studies similar to this in the future 
would be to run preliminary numerical models, to ascertain the level of the 
residual stresses at the chosen impact energy, to ensure that only the effect of the 
impactor size and shape on the fatigue life of the specimen is determined.
Finally, future experimental work could investigate the effect of different shapes 
of impactor, such as conical or cuboid, on the fatigue life of materials. Varying 
the thickness and material type of a specimen could also be considered, as well 
as the effect of multiple impacts at the same impact location.
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Appendix 1: Manufacturing Drawings
Figure A1.8: Assembly drawing of impact rig
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Appendix 2: Error Analysis
Appendix 2: Error Analysis
Parameter Measured
Depth of Impact Crater
Width of Impact Crater
Material properties 
(tensile tests)
Entry Velocity of Impact, 
Exit Velocity of Impact, 




















(Penny and Giles IAPS 762)
Accelerometer 







Surface texture measurer 
(Talysurf 5-20 Taylor- 
Hobson)






(Calibrated by candidate 
using gauge blocks)
r N/A
17 111 September 2003
November 2004 
(Calibrated by candidate 





(Calibrated by candidate 
using gauge blocks)
September 2004 



















30 minutes (= 
0.5 degrees)
Table A2.1: Error analysis of parameters measured
Please note that all calibration dates were recorded at the start of the current 
study and were renewed on an annual basis.
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